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CHAPTER 1
INTRODUCTION

The purpose of this monograph is to present a critical review of those equiv-
alence techniques which have been and are being used to define and simulate
service vibration environments in the testing laboratory. A further objective
of the monograph is to present a unified and current overview of the heretofore
fragmented activities involved in the formulation of vibration equivalence
methods.

The term vibration equivalence shall be interpreted to be concerned with
(a) the various techniques used to derive test levels, (b) the performance of tests
intended to simulate the conditions of service vibration, and (c) the duplication
of critical damage processes. The interpretation is extended to include those
techniques which may be applied to derive substitute vibratory loads for use in
product design and performance evaluation. As a result of the previous inter-
pretation, the vibration equivalences are found to encompass vibration simulation
techniques in general, and are not restricted to the unsuccessful random-sine
equivalences which were attempted during the middle 1950’s.

The vibration equivalence techniques were assembled in two categories, as
shown in Fig. 1-1, using equality as a basis for defining each category. One
category includes those theories which establish equality by defining a damage
criterion and equating the amount of damage produced by different vibration
experiences. This category of equivalence techniques includes damage that will
accumulate and eventually cause failure, and damage that is a function of the
magnitude of some parameter of specimen response. The second category of
equivalence techniques includes those approaches used to improve test realism
by recognition of the ever-present structural interaction between a specimen and
its support.

The equivalences based on cumulative damage draw heavily on various theories
developed to explain material fatigue processes. The fundamental theory needed
to develop the cumulative damage equivalences is developed by Chapter 3, and
will lead to various techniques which may be used for scaling test time and
changing test type. The equivalences based on magnitude of damage include
those techniques which equate important specimen response characteristics such
as motion or operational malfunction. These equivalences are described in
Chapter 4. Chapter 5 covers the interaction equivalences and is to a large extent
a survey of current work in the application of mechanical-impedance concepts to
the problem of improving test realism. The mechanical-impedance equivalences
are difficult to implement because in-service force data are not generally avail-
able or casy to obtain. The emphasis in this chapter is on providing the reader
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Fig. 1-1. Vibration equivalence categorics,

with an appreciation for possible weaknesses in test and equivalence practices
when specimen and support interactions are ignored. Chapter 6 provides a
discussion of the uses of vibration equivalence techniques and the application of
equivalence concepts to the problem of performing meaningful vibration tests.
Although the word test appears frequently in the text, no lack of emphasis is
implied for the problem of field data interpretation. An objective of Chapter 6
is to identify each major event associated with vibration simulation and testing,
discuss the relationship between each event and the other events, and indicate
the manner in which the equivalence techniques are used to define the inter-
relationship of these events,

The application of vibration equivalence techniques to accepted testing pro-
cedures involves the use of engineering judgment, empiricism, and a willingness
to accept some inaccuracy in results. Therefore, the use of vibration cquivalence
techniques has been subject to some controversy [1], even though the boundaries
of this inaccuracy are better defined than the boundaries of the inaccuracies which

may result from ;55 L irent test practices.

Includecd i - - il are the results of a thorough survey and literature
search direoict Cowwd Recading every available paper relating to vibration
equivalence. The prizsary sources of informatién include the following:

1. All unciassiticd Shock and Vibrgtion Bulletins through 1970,

2. The Applicd Siencesand Technology Index, 1958 through February 1971,

3. A litevature search performed by the Defense Documentation Center,
covering 20 years to March 1970,

4. A literature search performed by the National Aeronautics and Space
Administration, covering 20 years to March 1970,

5. The Shock and Vibration Digest, January 1969 through March 1971,
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6. References cited in reviewed articles.

7. Suggested additional sources resulting from a letter survey of 186 authors

and engineers in the field of vibration testing.
Each article, paper, or report was read and annotated for inclusion in the
monograph. The papers are widely distributed in source, with many from
countries outside of the United States. It was found that the majority of the
authors presupposed that the reader was familiar with work in the fields of
fatigue damage and mechanical impedance. The monograph contains rudimentary
theory in both of these fields for the uninitiated reader.

The letter survey of authors and engineers engaged in vibration testing elicited
a generous response. A few of the letters are quoted which represent the general
thinking of the respondents. Several unpublished memos, papers, and reports
were also surveyed; however, the bibliography is limited to available published
work,

One persistent problem which tended to hamper the review and comparison
of the many authors’ work was an inconsistency in the use of symbolism and a
corresponding lack of a symbolism technique which would define accurately the
meaning of important symbols. A result of this problem was the adoption of a
generalized method of symbolism, described in the appendix, which is used
throughout the monograph.

The overview of various vibration equivalence techniques and their application,
as provided by this monograph, was intended to be complete and current.
Therefore, if any significant paper or report was omitted, comments on such
omissions will be gratefully received,



CHAPTER 2
A REVIEW OF CUMULATIVE-DAMAGE THEORY

It is important for the reader to be familiar with those fundamental aspects
of fatigue theory which provide a basis for the cumulative-damage equivalences.
Of particular interest are the concepts associated with the fatigue and cumulative-
damage processes. The ideas are not difficult to master; however, it is easy to
assume that a material characteristic is of a simple nature when the characteristic
isin fact strongly dependent on some less obvious variable. As an example, there
are many handbooks, technical articles, and vendor specifications in which the
ultimate strength of a material may be found in a listing of material mechanical
properties. For the majority of engineering uses the listed value is an adequate
guide. However, the engineer who is designing a structure that experiences rapidly
changing loads, perhaps aircraft landing gear, might reject a material which meets
all other criteria if he did not know that the ultimate strength of certain mate-
rials will appear to increase at high rates of strain. Many additional examples
could be cited, such as the temperature dependence of ductility and creep, but
it is necessary to direct our attention to those material characteristics which
influence the use of vibration equivalence techniques.

The first section of this chapter provides a review of fatigue theory
and the concept of cumulative damage. This section is intended to serve
as a primer and may be bypassed by the reader who is versed in fatigue
terminology.

The sccond section presents detailed coverage of three cumulative damage
theories. These theories arc of interest because cach of the currently used
cumulative-damage equivalences may be reduced to a mathematical statement
identical to one or more of the three theories. The more advanced reader may
choose to bypass this section.

The final section of the chapter contains a listing, by type, of all fatigue
theories which were found by the author during a literature search associated
with the preparation of this monograph. Each fatigue theory was categorized as
either linear, nonlinear, or phenomenological. In addition, each theory is briefly
described and suitable reference sources are identified. This section is intended
as a starting point for the reader who has interest in the development of more
complex equivalence techniques.

There are many excellent publications which may be consulted by the reader
who is interested in a more detailed presentation of progress in the field of
fatigue damage. These publications include Refs, 2 through §,
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2.1 Fatigue and Cumulative Damage

Fatigue is a process of damage accumulation resulting from the repeated ap-
plication of load. The term load is used to specify any force or collection of
forces ucting on an object, and is described by known or measured relationships
between magnitude, direction, and time. The results of load application are
deformation and the formation of stress patterns in the loaded object. It follows
that discussions of material fatigue properties in terms of stresses and stress
cycles imply specific load patterns on a given object. Thus the term load is used
to define completely the stress and deformation resulting from forces—whether
these forces originate from sources internal or external to an object, result from
changes in momentum, are due to thermal expansion, or are caused by forces
of any other origin.

A load may consist of one or more applications of a single load, a sequential
application of several specific loads, the superposition of one or more single or
sequential loads, the superposition of a randomly varying load and single or
sequential loads, or perhaps an entirely random variation of load. Each of these
load situations influences the fatigue life of a material. The nature of this in-
fluence has interested several researchers and caused them to attempt to find a
fatigue model which will accommodate the various types of loads. Current
fatigue theory is based on the concept of cumulative damage. The concept of cu-
mulative damage is that every load cycle causes incremental damage, which is accu-
mulated until a certain level of damage is reached at which the specimen will fail.

Historians in the field of fatigue damage have noted that fatigue failures
caused by the repeated loading of a structure were not given serious considera-
tion prior to the early 1800’s [4]. Even ihen many enginecrs were reluctant to
accept the idea that small repeated loads, including loads above the endurance
limit as it is now defined, would cause damage to accumulate and lead to failure.
Fatigue failures appear frequently in service and are known to account for the
majority of all mechanical fractures \6].

Two phases believed to be involved in the fatigue process are crack initiation
and crack propagation [7]. The various theories used to predict fatigue life differ
in the treatment given each of these two phases. In later sections of this chapter
the differences among the various theories will be discussed; however, it is of
interest here to recognize that some theories hold for both phases of damage
accumulation, whereas other theories offer separate models for each phase.

The relationship between the stress induced by an applied load and the number
of load repetitions which, under a given set of conditions, will cause failure, may
be described by a curve similar to that shown in Fig. 2-1. This curve represents
the mean of expetimental data and is usually plotted to logarithmic scales.
Within certain limits the logarithmic curve may be approximated by a straight-
line relationship such as curves A or B in Fig. 2-2. These curves are comumonly
called S-N curves, where S refers to stress amplitude and N to the number of
constant-amplitude load applications expected to cause failure.
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Fig. 2-2. Typical S-N curves.

The number of stress applications that a material will withstand varies with
load level and is called fatigue life. 1f a material exhibits the property that re-
peated stresses below some certain level will not cause failure, that particular
stress level is called the endurance limit. Curve A of Fig. 2-2 represents a mate-
rial which clearly has an endurance limit, whereas an endurance limit is not de-
fined for the materials of curve B or curve C. In those cases in which an endur-
ance limit is not clearly defined, the value of stress at N = 107 cycles is frequently
selected as the endurance limit.

The experimental techniques used to generate S-V curves are usually very
carefully controlled to assure uniformity in such factors as specimen geometry,
loading, temperature, and alloy composition, and yet at any one load level the
test data scatter may range from 10:1 to 100:1. As a result, it is of more signif-
icance to describe the S-V curve in terms of a mean value with an attendant
standard deviation, or in terms of probability of failure at any specific stress
level [8].

When it is necessary to select an S-V curve, consideration must be given to
several other factorsin addition to assuring that the data were taken for the mate-
rial of interest and that the range of data scatter is known,
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A change in temperature will modify the fatigue failure processes. A reduc-
tion in temperature usually increases the number of load cycles needed to cause
crack nucleation. At higher temperatures, when a crack is started it tends to
propagate faster, and the material tends to fail at shorter crack lengths. An in-
crease in temperature can lead to increased crack propagation rates, as creep
processes enhance the progress of fatigue damage. The effect of temperature on

fatigue life is shown in Fig. 2-3.

STRESS

+T5°F

«soo::jfjr\‘L~

-320°F

CYCLES TO FAILURE

IFig. 2-3. Fatigue life as a function of test temperature
(typical for most metals) [9].

The geometrical shape of a specimen, and in particular sharp inside corners,
holes, notches, or inclusions that create stress concentration will modify the ap-
parent fatigue properties of the specimen. A stress concentration may create a

200
= UNNOTCHED
z
v 50
v 404 :
5 30 WOTCHED
1
; 201

10 T T ]
108 10" 107
CYCLES, N

Fig. 2-4. Typical fatigue life reduction
due to a notch in a rotating-beam
specimen,

volume of material subjected to repeated
plastic strain. The region subjected to
repeated plastic strain may become a
source of fatigue cracks which, on con-
tinued load application, propagate through
the material causing early fatigue
failure. The effect of a notch on specimen
fatigue life is displayed in Fig. 2-4.
Stress risers must be considered during
the selection of S-N data for specimens
which have notches or other stress risers
[6,10].

The nature of an applied load will
influence the experimental S-V relation-
ships. Most fatigue experimenis consist
of loading a specimen cyclically with a
reversing load about a zero mean stress,
In Figure 2-5,a zero mean stress condition
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exists when AS = 0 and S(max) = ~S(min). If some value of mean stress, AS, is
produced by preloading or the presence of residual stresses, a fluctuating stress is
said to exist where S =AS +S(variable). If the absolute value of the mean stress
is relatively small, the mean stress has small effect on fatigue life. A “small”
mean stress has been estimated to be about one-third of the alternating stress
amplitude [8]. When the mean stress is equal to or greater than the alternating
stress,

|AS| 2 |S(variable)| , (2-1)

the stress is called pulsating and is sometimes characterized by the ratio of S(max)
to S(min).

S(VARIABLE)

? \/ TIME ——=

STRESS
o

Fig, 2-5. Stress resulting from a cyclic load.,

A compressive mean stress or a compressive residual stress must be overcome
by an applied load prior to the development of tensile stresses. Compressive
mean stresses are frequently used as an intentional design ploy to increase the
fatigue life of a critical structure or component. The result is to lower the tensile
stresses resulting from a given load, and thus to reduce the tendency to repeatedly
open existing fatigue cracks.

The S-N curve is frequently approximated by a straight line on a log-log plot
for much of its useful range. This approach is valid in a practical sense because
(a) very low-cycle failures approach static strength conditions when compensaced
for rate of load application, and (b) the high-cycle range has poor accuracy and
is usually avoided because small variations in stress lead to very large changes in
N. Areason to use caution in the high-cycle range is that damage will accumulate
at stresses below the S-V curve [11].

An accurate evaluation of cumulative damage in terms of basic fatigue perform-
ance is sometimes questionable, even for a simple test, because the basic mechan-
ics of fatigue damage are poorly understood. Freudenthal [12] tentatively
divided the effects of cyclic stress amplitudes into three groups:
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1. A high-stress range where N < 105 cycles. The failures in this range are
characterized by severe crystal fragmentation and disorientation accompanied by
hardening.

2. A “true” fatigue stress range where 105 <N < 107 cycles. The failures in
this range are characterized by reversed slip and slip concentration into striations
with very little hardening.

3. A “safe” stress range where V > 107 cycles. In this range there is widely
distributed slip, but neither hardening nor substantial pore or microcrack forma-
tion occurs.

The simplified S-V curve is illustrated by Fig. 2-6. When the slope of the
logarithmic S-V curve is defined as shown, the S-/V relationship becomes

blogS = logC - logN , 2-2)

where C is a constant evaluated at a known reference condition. Equation (2-2)
is frequently stated in another form,

NSt =C; (2-3)

where the exponent » assumes values from about 5 to 20 for various materials.
When it is of interest to consider changes in NV with changes in S, then

b
N; = No<—> , (24)

where the subscript O refers to a known point oi the S-NV curve and the subscript
i represents the conditions related to or resulting from load /.

80

70 MEAN STRESS=0

— 60—
[72]
x
z 50
73

§40-

[V
'630-7

20

1 1
103 104 108 108 0?
CYCLES, N

Fig. 2-6. S-N plot for 7075 aluminum.
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2.2 Theories Underlying Equivalence
Miner’s Method

Miner’s [13] method is the most universally applied linear cumulative damage
theory because it is relatively simple and yields predictions usually as accurate
as other methods. Miner’s theory is sometimes called the Palmgren-Miner theory
in recognition of the fact that Palmgren [14] documented the linear damage
accumulation concept about 20 years before Miner. Langer [7] also investigated
linear damage accumulation in a general sense and described the fatigue process
as consisting of both crack initiation and crack propagation.

Miner’s theory consists of a simple summation of the fraction of usable speci-
men life consumed at each load level during a specimen’s load history. Fatigue
damage is assumed to be proportional to work absorbed in the test specimen,
The absorbed work in turn is considered proportional to a ratio of the number of
applied stress cycles to the number of stress cycles that will produce failure at
the given stress level. It is assumed that the amount of damage required to fail a
specimen is constant, that the amount of damage is a simple function of load,
and that damage is independent of load sequence. Failure is predicted when a
sum of the fractional damage from all sources of cyclic stress is equal to unity:

p=) & (2:5)

i=1

where
d = damage fraction or fraction of consumed fatigue life
n; = the number of cycles experienced by the specimen at load /
N; = the number of cycles to failure at load / from an appropriate material
S-N curve.

Miner’sexperimental data for total damage accumulation at actual failure gave
D values ranging from 0.61 to 1.45. The variations in damage summation have
been verified by other researchers [15,16]. The absolute value of damage at fail-
ure appears to be a function of load level and load sequence, with variable-
amplitude loads causing significant deviations from the D = 1 failure criterion.
Freudenthal and Heller [17] have shown that D varies between 0.1 and 1.0 when
intermixed stresses are used on smooth unnotched specimens of 2024 aluminum
and 4320 steel, and Hillberry [18] found that the Miner summation yielded
values from 1.5 to 5.0 for 2024 aluminum under random loading. The range of
0.3 to 3.0 seems to contain all well-mixed loading spectrums; however, coaxing
tests have yielded values in excess of 10. The values obtained by monotonically
increasing load levels, i.e., coaxing, are not necessarily a realistic representation of
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aservice environment. The use of fatigue theory to establish vibration equivalence
relationships is usually concerned with the equality of damage between tests
rather than the magnitude of the damage summation. If Miner’s theory is used
to estimate fatigue life, D = 1 is a good average value, and values down to D =0.3
may be assumed if a conservative life prediction is desired.

Miner’s cumulative damage theory is considered independent of stress because
equal amounts of damage are assumed for equal fractions of life regardless of
siress amplitude. It is instructive to plot normalized damage against cycle ratio
as in Fig. 2-7. Because there is no stress dependence, one curve such as Fig. 2-7
may be used to characterize the damage accumulation process. It is assumed that
the amount of damage caused by any one cycle is dependent only on the number
of cycles to failure (life) at the applied load amplitude for that cycle, and not
on the total life consumed prior to application of that cycle or the magnitude
of previous loading. That is,

apy =L L (2-6)
dal 2 Ni
N

which would not be true if the damage curve changed slope at a specified load
level due to the application of prior loads {19].

FAILURE

- ———

N

—

N
Fig. 2-7. Damage-cycle ratio relationship, no
stress dependence.

The definition of damage at failure requires further consideration because a
failure mode may be level dependent. A fatigue crack of sufficient depth to
cause catastrophic failure at a large load may not cause failure at a lower load.
The definition of failure, perhaps crack depth or percent absolute loss of strength,
must be uniformly applied to assure the validity of a relationship such as that
shown in Fig. 2-7.

The specimen fatigue life V¢ in cycles, resulting from / different sets of load
history, may be derived from Miner’s theory,
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It is now possible to derive an expression for an equivalent stiess which will cause
the same damage over the total number of applied load cycles as the damage
produced by the i stress levels,

1 Z"isib /b
Sp = ——-'Z n; )

where S, is the equivalent stress.

The Miner hypothesis is usually applied to the linear summation of a spectrum
of constant-amplitude loads; however, it may be extended to continuous spec-
trum or random loads. This is accomplished by assuming that each peak in the
load spectrum represents a ‘“‘cycle’” and that a characteristic frequency of the
narrowband random-load spectrum exists which is defined as the average number
of zero crossings with positive slope per unit time. Knowing the probability
density of the peaks, the characteristic frequency may be computed,

_ Elny] n
fe = ;ﬂﬁ 29

(2-8)

where
Elny, | = the expected number of peaks during time ¢
fc = the characteristic frequency of peaks between S and S + dS
P[S]dS =the expected number of cycles where the stress amplitudes lie
between S and S + dS.

In terms of load i, a single-peak stress S; resulting from load / causes an incre-

ment of damage of 1/N;. Since the spectrum level varies continuously, the
damage summation is expressed by an integral,

- PiS)
ED] = fctj(;n—,—[-s—l-)dS : (2-10)
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where
NI[S] = the number of cycles to failure at stress amplitude §
P[S] = the probability density of stress peaks
E[D] = the expected value of the uamage accumulated over time ¢

Equation (2-10) may be evaluated in closed form if the following conditions are
satisfled: (a) the load frequency bandwidth is sufficiently narrow to assure that
fe may be evaluated, (b) the stress history is a stationary and normal (Gaussian)
process, (c) the fatigue curve can be represented by a straight line in log-log
coordinates, and (d) the probability distribution of the stress peaks P[S] is
known. When these conditions are satisfled,

E[D] = Zb—f(x/fS)”l‘(l ¥ -g-) @11

where I" represents a gamma function and €' was defined by Eq. (2-3).

Because it is theoretically possible that peak stress amplitudes will approach
infinity, the rms value of stress is frequently used to form a random logarithmic
§-N curve. The random logarithmic S-N curve, or logarithmic SV curve, can be
defined by evaluating Eq. (2-11) at failure,

NSY = (| [2b/2r(1 + -2)] ! (212)

\

where § is the rms stress, fo¢ = N, and damage is unity, Root [20] applied
Egs. (2-12) and (2-3) to develop a plot of the ratio of rms random stress to the
peak sine stress vs the parameter b, as in Fig. 2-8. Figure 2.9 provides a typical
comparison between logarithmic $-V and logarithmic 8-V plots,

The Corten-Dolan Theory

Corten and Dolan [22,23] developed a nonlinear theory for the evaluation of
fatigue damage. The Corten-Dolan approach is based on the number of avail-
able damage nuclei and rate of crack propagation. The magnitude of the greatest
varying load is considered to determine both the number of nuclei and rate of
crack propagation. Equation (2-13) expresses the damage accumulation for the
i load level,

D; = mrnft (2-13)

where
m = number of damage nuclei
r = rate of crack propagation constant
a = an experimentally determined constant exponent.
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The constants in Eq. 72-13) are fixed for a specific load (stress amplitude in
a single-level test) and may vary for different values of load. Damage at failure
is considered to be unity, which leads to an expression for damage as a function

of cycle ratio:

(2-14)
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Equation (2-14) is of little value because it only provides information about
the damage accumulated at one load level. When more than one load level is
applied to a specimen, e.g., two varying loads, the order of load application be-
comes important and the damage expression of Eq. (2-13) must be generalized.
Corten and Dolan performed the gencralization by using the actual number of
cycles at each load level and by assuming that damage accumulated at the lower
level was influenced by the number of nucleation sites m caused by the higher
level load. Because of the use of the actual number of cycles at a low load level
instead of an equivalent ntumber of cycles at the higher load level, it is necessary
[24] for the exponent a to be independent of load magnitude. The use of a load-
invariant exponent for the case of two different load levels leads to

T on + RUB(I-N)

Ny (2-15)

where
Ny = the number of cycles to failure
Ny = the number of cycles at the higher load
Ay = the ratio of cycles at the higher load to the total number of cycles
R = the ratio of lower load to higher load crack propagation rates.

Equation (2-15) may be expanded to account for m sets of load history,

Ny = — N (2-16)

where { refers to load history 7, subscript & refers to the highest load, # is defined
in Eq. (2-13), and ; is the ratio of cycles at load i to the total number of cycles,

A= 1:17}' (2-17)

Corten and Dolan also asserted that a relationship existed between R and a
ratio of lower stress to the highest stress,

d
la — _:S__ .
R [ShJ , (2-18)

where the exponent d was determined experimentally and one value appeared to
describe all the data for a single material and configuration in their experimental
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work. Incorporation of Eq. (2-18) into Eq. (2-16) leads to a generalized expres-
sion for life when several load levels are present,

(2-19)

The preceding development is based on an assumption that the damage nuclea-
tion cycle time is zero. Thus, all of the damage nuclei are created during the first
load application, and the number of nuclei is a function of the largest load.
Therefore, to apply the Corten-Dolan theory it is necessary to (a) identify the
largest load, and (b) have a suitable value of the exponent d as determined by
experiment.

When investigating 2024-T4 aluminum alloy, Swanson [25] found that the
Corten-Dolan theory predicts conservative life for low prestress conditions and
approaches correct life values at high prestresses. There are little data in the
literature which provide values of the Corten-Dolan exponent 4, a fact also
noted by Gerks [26], and which limit the usefulness of this approach until values
of d are experimentally determined and available.

It is possible to rearrange Eq. (2-19) into a form similar to that of Miner’s
hypothesis, Eq. (2-5), by using Eq. (2-17) and defining

N; = N,,(%)d, (2-20)
with the result that
m
D= /%1: . (2-21)

When reviewing damage at failure, that is D = 1, and comparing Egs. (2-20)
and (2-21), it is apparent that the Corten-Dolan theory can be interpreted as a
Miner summation on a family of modified fatigue curves as defined by rewriting
Eq. (2-20),

Nisf = MsP = € = s, 222)

where C and C are constants selected to maintain the equality. The modified
curve is obtained by passing a straight line through Sy as shown in Fig, 2-10,
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Fig. 2-10. Corten-Dolan modified fatigue curve.

The use of a modified S-V curve will allow the application of the Corten-Dolan
theory to match that of Miner. There are two cases for which the Corten-Dolan
approach is identical to Miner’s: when d = b, and when the stress spectrum con-
sists of monotonically increasing stress levels. In most cases, however,d < b
which gives a higher weighting to lower stress levels, or alternately, the pre-
dicted life would be shorter than the fatigue life predicted by Miner. Use of the
modified S-V curve with Eq. (2-8) yields

Z n S,‘d 1d

Se ={———— (2-23)

L

for an equivalent stress.

As in the case of Miner’s theory, the Corten-Dolan expression for life can be
extended to random load spectra.

The case of continuous spectra,

Ny

R

Nf = , (2-24)

is an expansion of Eq. (2-19).

Shanley 1x and 2x Methods

Observing that fatigue crack growth tends to increase with crack depth and that
reversed slip due to cyclic loading may cause atoms in a material to progressively
unbond, Shanley {27] proposed an exponential relationship for crack growth,
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hi = Aexp (ym) , (2-25)

where
h; = crack depth a load 7 caused by n; cycles
A = a constant
v = a factor dependent on load magnitude.

He further noted that the total strain € caused by a load consists of both elastic
and inelastic components,

¢ = —SE-,- + CS*, (2-26)

of which only the inelastic strain contributes to crack growth. The exponent x
was determined by curve fitting and represents the slope of a logarithmic S-V
curve, Use of the above expression for inelastic strain to represent ¥ in Eq.
(2-25) gives the following expression for crack growth:

hy = A exp (CS*ny), (2-27)

The constant A was interpreted to represent an initial crack depth kg (i.e., lut
n; = 0 in Eq. (2-25)), which leads to the Shanley “ix™ theory defining crack
growth,

hi = hgexp (CS*ny), (2-28)

where C is a constant.
Rewriting Eq. (2-28) in terms of critical crack depth, which is considered to be
a constant regardless of load amplitude, yields

he = hg exp (CS*Ny), (2-29)

where Ay is the critical crack depth.
It can be seen that the S-V curve must be of the form

- (Constant)

N, 7 (2:30)

Thus, the Shanley theory predicts the nature of the S-V relationship as well as
providing an approach to estimating cumulative damage, Damage is now defined
ag a ratio of Ay to hy,

D; = exp [cs,"zv,(;’% - nﬂ . (2:31)
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Shanley derived an expression for a reduced or equivalent stress which would
yield identical damage over the same total number of load cycles as the actual
loud history. The expression for equivalent stress,

Z N,'S,"\T~ Lk

S & | ——— , (2-32)

>

b

shows that all stresses in the spectrum, when raised to the x power, are weighted
in proportion to their relative frequency of occurrence. The Shanley 1x theory,
assuming u straight-line representation of the logarithmic S-¥ curve, will reduce
to a statement of the Miner theory summation and is consicered to he equivalent
[19]. The primary difference between the Shanley 1x theory and the Miner
theory is that Miner stated that damage was a linear function of cycle ratio,
whereas Shanley merely required the existence of a damage relationship.

Shaunley turther noied that the 1x hypothesis did not seem to fit actual test
data well at large values of n. As a result he developed what is called the Shanley
v theory by assuming that initial crack depth was a function of the magnitude
of the stress amplitude: -

hp = AS,-X exp (CS,xn,-) . (2-33)

Use of Eq. (2-33) in the original derivation led Shanley to the 2x hypothesis.
The 2x expression for equivalent stress gives greater weight to the damage which
is accumulated at higher stress levels:

/(2
Z‘ n,‘S,'zx M2
"

Se =|——— . (2-34)
2

This approach tends to bring the 2x theory into closer agreement with test data.
It should be noted that the exponent x used by Shanley and after which his
hypothesis is named, is in fact identical to the exponent & from Eq. (2-3). That
is,

Z " SiZb—ll/(?.b)
Se =|—=o , (2-35)

X
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which is identical to Eq. (2-34) with b substituted for x. The 2x theory (or 2b)
theory will predict earlier failure than Miner’s theory.

When used for fatigue life predictions, S, is determined by either Eq. (2-32)
or Eq. (2-34), and x (or b) is derived from experimental data. The material S-N
curve is entered at S, to find the corresponding number of cycles V. that may
be applied to the specimen where the load causes stresses above the endurance
limit. Fatigue life is predicted when N, is multiplied by the total number of
cycles and divided by the number of cycles above the endurance limit for the
loading spectrum; that is,

N; = £<i'-‘-> : (2-36)

iy

where
n;jy = the number of cycles out of n; cycles in which the load causes stresses

above the endurance limit.

In a later elaboration [28] Shanley used data taken from rotating-beam tests
of 2024-T4 aluminum to compute the mean and variation of the ratios of:
(a) reduced stress (Eqgs. (2-32) and (2-34)) to the observed stress at the same
total life, and (b) cycles-to-failure at the reduced stress to observed life at the
reduced stress. The results are displayed in Fig. 2-11 where the envelope of the
test load sequence was either sinusoidal or exponential. For this analysis, the
2x method yielded ratios closer to unity than the 1x method. Very good results
were obtained in predicting equivalent stresses; however, life predictions show a
wide range.

The Shanley 2x hypothesis, Eq. (2-35) can be converted into linear summa-
tion form with a modified S-V curve in a manner similar to the manipulation of
the Corten-Dolan hypothesis on pp. 14-18. In this case,

m

nn
D= E ECE, 237
N (2:37)

i=1

where N;* represents the number of cycles to failure taken from a modified
S-N curve defined by

N

N = N - (2-38)

The Shanley modified S-V curve is presented in Fig, 2-12. Comparison of the
—1/2b sloped line (Shanley 2x theory) with the ~1/b sloped line (Miner’s theory)
shows that stresses above S, are given heavier weighting and stresses below S, are



| 5

22 EQUIVALENCE TECHNIQUES FOR VIBRATION TESTING

Sun Smax
W HHH””””m”[llmuHH”’”"’"HH N4
E - lllll]“““““““llllMHl““mm“illllll
TIME—>
10— 1 = [
e—— |- —wle—— 2-X ——af  fe— |-X ole 2-X
1F 9.27 { :
| !
| |
8 : = I
| ¥ .765 :
: ¥ 7.19 |
' :
I
€61 lo-Ne Il Ne. e I PR I 1&-6_2.;2.
N [ N N I N
| |
! l
! |
47 | N :
!
! |
| |
|
29 o192 %‘L: T4y i 5
| 0150 [ O149
|| fteo [ _ g | _grossy g 102
955, 992 93871 982
7681 .8H .5 791 i 805
o 38 t .28
(a) . (b)

Fig. 2-11. Ratio of computed and observed S and A, taken from Shanley [28].
(a) Sinusoidal (140 tests) (b) Exponential (130 tests).




A REVIEW OF CUMULATIVE-DAMAGE THEORY 23

given less weighting for the Shanley theory
than for Miner’s theory. The pivot-point
location depends on the value of N, which
(recall Fig. 2-11) is of poor accuracy. As §
a result the modified curve and Miner-type s,
summation are of limited usefulness except

to indicate the relative weighting of stress
amplitudes,

2.3 Cumulative Damage Processes

. ) Fig. 2-12, Modification of a basic
In addition to the three cumulative dam- g curve for use in the Shanley

age theories which were covered in the 2x hypothesis,
previous section, there are several other
theories which have been developed in an attempt to improve the accuracy of the
time-to-failure prediction methods, These additional theories in many respects
are similar to the primary theories previously covered. Several of them degener-
ate into a form identical to the Miner hypothesis. The superficial treatment
given to these theories in the section does not mean that they are less important;
it does mean that they have not been used extensively as a basis for vibration
equivalence modeling.

The remaining cumulative damage theories have been classified as linear,
nonlinear, and phenomenological.

Linear Cumulative Damage

The linear cumulative damage theories are based on experimentally determined
S-N data which must be gathered or already exists for various combinations of
material, temperature, geometry, and other suitable parameters as discussed in
Section 2.1. Linear refers to the method of summing the fractions of consumed
life and does not mean that the damage process itself is linear, a point which is
sometimes misconstrued in the literature. A summary of linear cumulative dam.
age theory is provided as Table 2-1.

Nonlinear Cumulative Damage

Nonlinear cumulative-damage theory, unlike linear theory, is the result of
assuming that there is interaction between load history and damage. That is, the
amount of damage at any load level depends on both the magnitude and number
of occurrences of prior loads. These theories are usually valid whether or not it
is considered that equal amounts cf damage are caused by equal fractions of life
for all stress amplitudes. A summary of nonlinear cumulative-damage theory
is provided as Table 2-2.
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Table 2-1. Linear Cumulative Damage Theories

Theory

Features

References

Miner

Discussed on pp. 11 to 14, Miner’s damage
summation is described by Eq. (2-5):

m

’
N;

i=1

where D is damage, »; is the number of cycles
applied at load 7, and Vj; is the number of
cycles to failure at the 7 load level.

7,13,14

Langer

Documented prior to the Grover theory,
Langer presented the hypothesis that
fatigue damage consisted of a two-stage
process of crack initiation and crack growth.

Grover

Similar to the Langer approach; Grover
divided the fatigue damage process into
stages of crack initiation and crack propa-
gation, and utilized definitive information
about the damage process that is neither
usually available nor easily measured. That
is,

Np = Nj + N; ,

where Ny is the number of cycles to failure,
Njis the number of cycles at load level / re-
quired for crack initiation, and NV is the
number of cycles required for a crack to
propagate to failure.

29

Shanley
Ix

Discussed on pp. 18 to 22, the Shanley
theory results in an expression for fatigue
damage which predicts the S-V curve and

can be shown to match the Miner hypothesis.
Recall the relationship of Eq. (2-30):

27
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Table 2-1 (Continued)

Theory

Features

References

Shanley
(Continued)

D; = exp CS{xN([<1%i-_~> - l] ,
i

where S; is the stress amplitude at load i,
and damage was defined as the ratio of crack
length to critical crack length at failure.

Lundberg

Describes the load history as a plot of varying
stress vs number of load applications where
the plot may be described as

Ny = Noexp(-5,) ,

where Ny is the S, =0 intercept of a straight-
line logarithmic S, vs V plot, S, is the varying
stress, and £ is the slope of the loading spec-
trum curve, The resultant damage expres-
sion is

D = ﬂaﬂ [250(S— 1)exp (- 25,)]

where « is the vertical intercept of the
logarithmic (S, =S,)vs N plotat N =1,

S, is the endurance limit stress, and s is the
slope. The number of cycles to failure is
found by Miner’s summation using the actual
number of load cycles.

30

Valluri

A hypothesis based on dislocation theory
and plastic deformation at the tip of a
crack. Crack growth is assumed to expon-
entially increase with the number of stress
cycles:

o
hi = hg exp [ln <%)] %f’

with A determined using Griffith crack
theory, and damage defined as

31
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Table 2-1 (Continued)

Theaory

Features

References

Valluri
(Continued)

o M-k
hp=hg

using /i as the crack length at failure when
/N » L,

Manson,
Freche,
gnd
Ensign

Divided the damage accumulation process
into two stages: that of crack initiation,

where Ny is the cycle life to initiate an effec-
tive crack;and for the crack propagation stage

Lw=h
where

N =AN + Ny
and

AN = PNOS,

P is a constant valued at 14 for SAE 4130
steel,

32

Sorenson

An approach to complete generality in devel-
oping a linear theory of isotropic cumulative
failure, where the analytical model recog-
nizes experimental observations and previous
theory. The result is given as a time integral
of a suitable invariant function of the stress
tensor: t

Dy = J(; R(Syy)du,

where R(S;s) expresses the instantaneous
damage rate accumulation function, and
failure occurs when D =1,

33

o —

£
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Table 2.2, Nonlinear Cumulative Damage Theories

Theory Features References

Corten-Dolan | Damage summation is described by Eq. 22,23
(2-13)

D= mmm“‘ \

which relates damage to the number of
damage nuclei, rate of crack propagation,
and an exporimentally determined
exponent,

Shanley Crack growth is exprossed mathematically 27,28, 34
by Eq. (2:32):

W = AS] oxp (€S

Henry A complex pracedure of SV curve modifi- s
cation based on the damage caused by in-
dividual louds. Requires knowledge of the
loading sequence, and a specialized mathe-
matical model of the S-N curve which would
fit only u narrow range of materlals, That
is,

_No

N == ,
Sy = Se)

where the variables are defined as in the
Lundberg theory described in Table 2-1.

Poppleton An analytical theory based on the Corten- 37
Dolan theory [23] and work by Torbe
(36] for the case of a stationary Gaussian
stress history; no experimental verifica.
tion.
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Phenomenological

A summary of phenomenologieal fatigue damage accumulation theory is
provided as Table 2.3, This category of cumulative<damage theory includes
hypotheses which may be either lineur or nonlinear, The term phenomenological
was applied because the theories were based on abservation and various attempts
to (a) deseribe failure boundaries based on these observations or (b) use the ob-
served information to modity basic -V curves,

Table 2.3, Phenomenologicul Theories

Theory Features References

Kommers Konumers assumed that dawnage is & function of | 16, 38, 39
both cycle ratio and the stresses associated
with varying loads. This concept was fur-
thored by the work of Richart and Now-
mark, und Marco and Starkey. The latter
suggested that the shape of the damage curve
was defined by

:\7
()

where v is a stress-level-dependent exponent,
Application of this method requires specialized|
bilevel loading test data which are not
normally available,

Freudenthal Introduced 4 stress interaction factor to 17, 40
and Heller create an expression for a fictitious SV
curve, The authors assume that

= N
1~N;!;

defined an observed stress interaction factor
1, and that NV;* is the expected life at load

{ as read from the fictitious -V curve. The
concept of linear cumulative-fatigue damage
was applied using the fictitious -V curve with
the following result:

=) In
D A
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Table 2.3 (Continuod)

Theory

Foatures

References

A fatigue-lite prodiction prosedure using
empirical constants in cach step of the load.
ing sequence, in the form

log V= a log (»-—Z-‘—n'-';-)»« b log (-E-”-;(-> '

M,

where @, b, etc,, and M are the empirical con-
stants and are functions of Ny, N3, etc. Note
that the increasing index, 1, 2, otc., refers to
incrensing levels of load. Use of this ap-
proach vequires the collection of a significant
volume of speclaiized test data.

41

Head and
Hooke

Suggested a cumulative-fatigue damage rule
for structures under random load using
measured life data from discrete loading:

—x? 1
n X,-[exp( fZ]AX
Ng = E , A

i=1

where N is the number of equivalent
random cycles, and X = §/8S.

Eshlemen
et al.

Presented a cumulative-damage expression
for the life of a two-degree-of-freedoin struc-
ture under random loading:

Ny = rf P(r,y)dxdy

" and

43




e

\ Y

Bpesnsiitgn

30 EQUIVALENCE TECHNIQUES FOR VIBRATION TESTING

Table 2-3 (Continued)

Theory

Features

References

Eshleman
(Continued)

N ! Ay, p
D= X, )
VN~
using a Rayleigh probability distribution

to describe stress peaks in both the x and
y coordinates.

Parzen

A theoretical cumulative-damage model based
on level-crossing processes was developed
where the random damage and random input
problems were both included. He assumed
that damage is a nonnegative random variable
associated with the application of load;

that is,

m

D= Z Dy(S)

i=1

for nonnegative identicalily distributed
variables. Thus

mol = Z{ e [F, njrwesn)

which is a very general statistical model.
Parzen’s theory provides a stationary ran-
dom model of the number of stresses exceed-
ing some level, with which the damage per
cycle may be estimated.

44

Gatts

An early attempt to base fatigue failure
onstrength using stress-strain relationships that
account for the change of material properties
with vibration history, The stress-strain
hysleresis loop was used as the phenomeno-
logical basis, damage was measured as a
reduction in the endurance limit and

45,46
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Table 2-3 (Continued)

31

Theory

Features

References

Gatts
(Continued

failure stress, and no damage was assumed to
occur at stress levels below the endurance
limit. That is,

i

D=0 for §<S§,.

Also,

]

n 0) Se = (SE)O

n=N §=S58nN.

Gatts® theory presented a nonstationary
deterministic model based on hysteresis loop
area, assuming some given relationship for
the reduction in strength (damage) as a
function of vibration history.

Kozin and
Sweet

Created a general theory of failure based
on the work of Parzen [44] and Gatts
[45]. Damage was assumed to be a non-
stationary random function of the irre-
versible work input for which the average

damage per cycle was empirically established.

The parameters involved are the stress-strain
hysteresis loop area, number of cycles to
failure, and rate of change of hysteresis loop
area as a function of stress level. The
damage after j cycles of sinusoidal load is

m

D; = ZD(Aj)f ,

<1

where D(A4;); is the random damage due to
load cyclef at load level i, The fundamental
expression of the Kozin theory is

47, 48
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Table 2-3 (Continued)

Theory Features References
Kozin Ni !
(Continued) gl P | ) g i 1 1°
K* Ay ) ’
j=1

where K * is a constant depending on the
material, V; is the number of cycles to failure
at load level /, and (4;); is the hysteresis

loop area after load cyclej at load level i,




CHAPTER 3
CUMULATIVE-DAMAGE EQUIVALENCES

3.1 Preliminary Considerations

Vibration equivalence based on cumulative-damage theory is assumed to exist
when two or more vibration experiences produce like amounts of damage in a
given specimen. All vibration experiences are assumed to cause damage, and the
relationship between vibration experience and damage must be known or
assumed.

The techniques of fatigue-life prediction and cumulative-damage equivalence
both draw on the concept of damage accumulation; however, there is a funda-
mental difference in objective. Fatigue theory is used to develop accurate life
predictions, whereas equivalence theory is used to compare the damage resulting
from different vibration experiences. As a result, the use of those equivalence
techniques based on the cumulative-damage concept to not relieve the designer
from his responsibility to verify that a specimen has adequate service life. The
objective of cumulative-damage equivalence theory is to provide techniques by
which test time and test type transformations may be accomplished once a
specimen is known to have adequate life.

This chapter provides a review of the cumulative-damage equivalence tech-
niques. It was indicated earlier that the cumulative-damage equivalences are
valid when a predictable relationship may be defined between load amplitude
and the number of load applications that produce failure. For fatigue processes
the prediction relationship is an appropriate S-V curve. For the wearout proc-
esses it is another relationship which may have characteristics similar to the
characteristics of the fatigue process relationship.

The most valuable aspect of the cumulative-damage equivalence techniques
is that they provide a method to change test time as a function of vibration am-
plitude. They arealso valuable as a design tool which may be used to form a com-
parison between two or more different vibration experiences on a damage basis.

Damage Mechanisms

Two types of damage are modeled by the cumulative-damage equivalence
methods. The first type of damage is material fatigue damage. If the application
of suitable failure criteria to a specimen indicates that structural fatigue life is
the limiting design parameter, then the cumulative-damage equivalence techniques
may be used directly. The second type of damage is wearout, Wearout damage
results from those mechanisms, such as wear, friction, and fretting, which con-
sume some usable portion of specimen life and which may be attributed to

33
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vibrtion of the specimen,  Other wearout progesses such as corrostc n, weather-
fhg, radintion dumage, chemical change, and abuse, are consighed to the problem
ol specimen life prediction,

Vibration-tnduced wearout damage will appear In one or a combination of
three tonms,

First, o wearout process may be level sensitive and cause damage only above
u defined load threshold, An example would be a bolted connection in which
friction prevents relative motion between the joined clements until a defined leoad
throshold is exceeded. Threshold wearout processes are usually treated by sum-
ming the damage produced by those load excursions which exceed the damage
threshold.,

Socond, a wearout process may be sensitive only to the number of load repe-
titions, rogurdless of load amplitude, in a range of load amplitudes that bound
the expected service or test loud conditions, Certain types of wear and fretting
fall into this category, Repetition wearout equivalence exists when the number
of load applications under one set of ¢clrcumstances equals the number of load
applications under another set of circumstances.

Third, a significant number of damage-producing wearout processes have
characteristics which fmitate the material fatigue processes. These general
wearout processes oceur when there is a definite relationship between load
amplitude and the number of load applications that produce specimen failure.
This wearout process finds application in those instances where a complex
specimen cannot be accurately modeled, yet it is known or suspected that a
load-vs-life relationship oxists. The actual damage mechanism is undefined, al-
though it may be entirely wearout or a combination of wearout and fatigue.
Once the general wearout process for a specimen is characterized by a load vs
N relationship, the wearout relationship is used to form a vibration equivalence
in an identical manner to the fatigue processes.

Information on the general wearout process does not appear frequently in the
literature. Harris and Crede [49] indicated in 1961 that failure curves for elec-
tronic equipment subjected to varying levels of vibration are similar to the S-V
curves for metals.

Figure 3-1 provides a summary of the cumulative-damage processes which are
used to form vibration equivalence.

Load-vs-Life Relationships

A luad-vs-life relationship is an expression of the fatigue or wearout life of a
specimen as a function of load magnitude. An example of a fatigue load-vs-life
relationship for a simple specimen would be an S-N curve which was derived from
rotating-beam test data. Fatigue data in the form of §-V curves are distributed
throughout the literature and are relevant to many specialized combinations of
material, specimen configuration, and loading technique. Most of the available
f=tigue data are of the rotating-beain type, whereas fatigue data under axial
loading are frequently required and are of more interest {50]. The priine
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CUMULATIVE DAMAGE
PROCESSES

|
{ 1

FATIGUE WEAROUT

[ 1

THRESHOLD REPETITION GENERAL

Fig, 3-1. The cumulative-damage processes.

characteristic of a load-vs-life (or S-V) relationship, which is used in forming a
cumulative-damage equivalence, is the slope of a plot of the relationship made to
logarithmic scales. The reader is cautioned that the selection of an appropriate
slope involves the consideration of several factors.t

Although fatigue damage is caused by every stress cycle, the majority of dam-
age has been found to accumulate in narrow frequency bands centered on the
specimen resonant frequencies [49]. Asa result of this fortunate occurrence, it
is possible to simplify the formulation of vibration equivalences by considering
only the damage accumulated at the specimen resonances.

For a single degree of freedom (SDF) linear system, that is, where stress is
proportional to load by a constant ratio, specimen life may be described in terms
of either specimen response or specimen excitation. Assuming that an applicable
S-N relationship exists which has a constant slope b over the range of stress am-
plitudes of interest, Eq. (2-3) may be restated in terms of specimen response. Thus

NSb = THAVY = ¢y , (3-1)

where T is the time to failure at a specimen’s response acceleration amplitude
V, f; is the response tfrequency, and A4 is the constant of proportionality between
V and stress. In practice the following form is often more convenient:

3

Vb = ¢y | 3-2)

where Cy must be found experimentally.

1 As described in Chapter 2 the S-V curve is influenced by the type of load (torsion, bending,
tension), the ratio of alternating to mean stress, temperature, stress concentrations, the
degrec of stress reversal, and perhaps the cyclic rate of loading.

1 As an example consider a simple cantilever beam excited by support motion, The maximum
bending stress is found from § = Me/l = AV, where M is developed by considering inertial
forces. Thus M = mVg)y’, where m 1epresents the beam mass concentrated at the center of
gravity and located y distance from the foundation end of the beam, It is now possible to
write the desired expression A = ingje/l,
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It is possible to restate Eq. (2-3) in terms of the specimen excitation accelera-
tion amplitude V, instead of the specimen response acceleration amplitude V.,
Thus

NSb = THIAH(R)ViI® = C1 (3-3)

where the subscript / refers to the conditions at frequency i, and H(f;) is the
specimen response amplification factor at f;. Equation (3-3) may be specialized
for the linear SDF specimen excited at resonance,

THAQVY = () , (3-4)

where Q represents the specimen resonant transmissibility.

Additional yet necessary complexity is introduced when a proper H(f;) must
be selected for use in Eq. (3-3). The additional complexity arises when H(f;), or
perhaps Q in Eq. (3-4),is not constant but varies with V in addition to frequency.
For example, it is often observed that the measured amplification ratio of a
specimen decreases with increasing V. This change in specimen response is
caused by specimen damping and stiffness properties. The effects of damping
and stiffness will be reviewed; however, it is important to note that an amplifica-
tion factor which was found experimentally may be conservatively viewed as
constant over a narrow range of increasing V,1 perhaps up to 2 V or greater de-
pending on the specimen.

Another load-vs-life relationship was described in the previous section as the
general wearout damage process. This process is characterized by a relationship
between either excitation or response acceleration amplitude and N, The V.V
curve for a specimen, assembly, or system would be formed using data taken from
service history or generated under controlled laboratory test conditions. The
actual failure mechanism may change as a function of acceleration magnitude
and excitation frequency. That is, several failure mechanisms are usually present
in a complex specimen. Only one of them is the primary source of failure under
a given set of excitation (response) amplitude and frequency conditions.]

General wearout damage data are usually more specialized than fatigue damage
data because the actual damage mechanism may be unknown. As a result the
data are valid for a single configuration of a specimen, and the data may not be
generalized to encompass a group of similar specimens unless sufficient data
exist to support the generalization. A V- relationship based on excitation am-
plitude is needed for each predominant frequency-dependent failure mechanism.

t+The use of a constant amplification factor with decreasing V must be questioned, as
H(F) may increase as V decreases,

1At a given excitation frequency a specimen may accumulate fatigue damage. Atanc
excitation frequency the same specimen may be subject to wear or fretting, A d’
damage accumulation criteria would apply at each frequency,
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The formulation of a general wearout equivalence would involve a damage sum-
mation using as many individual V- relationships as are needed at each significant
response frequency over the frequency range of interest.

A VN relationship based on response amplitude may be found by direct
measurement in the laboratory and used to form a vibration equivalence. A
V.N response amplitude relationship is developed in two steps. The first step
is to select one or more locations on a specimen where specimen motions reflect
specimen excitation over the entire frequency range of interest. The second step
is to cotrelate NV with the measured response levels. The resultant response
amplitude V-N relationship is used to characterize the specimen, and equivalence
between different excitation spectra may be based on specimen responses to the
different spectra.

3.2 Test Time Scaling

Vibration-equivalence time-scaling techniques provide the environmental engi-
neer with a valuable tool which may be used to decrease test time. These tech-
niques are also used to form a comparison of the relative severity of different
vibration experiences by scaling each vibration record to the same time duration.
In addition, for the situation in which a distribution of vibration levels is en-
countered in the field and it is desired to simulate the field vibration by a single-
level test, the environmental engineer may use the time-scaling techniques to de-
sign a test at the maximum field level. Such a test would provide field vibration
simulation and avoid level enhancement,

The time-scaling techniques are presented with the presupposition that the
slope b of an appropriate S-V curve is known. It shall be assumed [or simplicity
that if a wearout process is used instead of a fatigue process, the slope of an
appropriate load-vs-V curve may be substituted for the exponent b in each
relationship.

The time-scaling practices were established by maintaining constant cumula-
tive damage between various tests. The resultant time-scaling techniques are thus
valid for maintaining constant fatigue damage, and the application of these tech-
niques does not insure equality among other paramete ‘s of the specimen. For
example, if an accelerated vibration test, i.e., a test performed at higher excita-
tion levels for the purpose of reducing test time, were applied to a mechanism,
the mechanism might not function properly during the accelerated test. Such
a circumstance is not a limitation, providing the tested mechanism is not damaged
by the higher level excitation. The environmental engineer may elect to test the
example mechanism in two steps. First, a reduced-time, high-excitation-level
test would be performed which determines the ability of the specimen to endure
the accumulated damage, Second, a test would be performed at nominal excita-
tion levels (usually following the endurance test), during which the mechanism
would be energized and its performance evaluated. Such a situation is depicted
in Fig. 3-2. Curve a represents a stress (load) level which will cause a temporary
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functional degradation of the speci-
\ men, whereas curve b represents per-
manent degradation. The endurance
test would be performed anywhere in
the region below curve b, and the per-
formance test would be performed at

b levels below curve a;all to the left of
the intersection of the two curves. A

a

CURVE two-level test would be unnecessary
a-OPERATIONAL DEFICIENCY in the region to the right of the inter-
b -PERMANENT DEFICIENCY section.

N In some instances the environ-

Fig. 3-2. Specimen operational limitations. nental engineer may not be able to

specify a vibration test level which will

achieve a desired reduction in test

time. The higher excitation level would be unachievable if the specimen fragility

level were below the desired acceleration excitation level. When the excitation

level of a specimen is limited, the environmental engineer may choose one or
more of the following options:

1. Test at a lower excitation level and accept the increase in test time.

2. Allow the sensitive component to fail during the high-level test and refurbish
prior to low-level performance testing.

3. Run the high-level test with the sensitive component replaced by a dy-
namically similar dummy component which is not level sensitive. The dummy
component would be replaced by an actual component prior to low-level perform-
ance testing. .

Options (2) and (3) are valid approaches if sufficient data are available to
demonstrate that the level-sensitive component will withstand the total unac-
celerated vibration history at its location on the specimen.

The following discussion covers the scaling of test time in which the type
of test is held constant. Specific test types covered are (a) sine dwell to sine
dwell, (b) sine sweep to sine sweep, (c) multiple sine dwell to multiple sine dwell,
and (d) random to random, Changes in test type, e.g., sine sweep to sine dwell,
etc., are covered in section 3.3.

Simple Spectrum Equivalence

The conversion of a single-frequency, sinusoidally varying load at one load
amplitude to another load amplitude at the saine frequency is the least complex
equivalence computation. However, when performing this computation the
environmental engineer must recognize the existence or nonexistence of damping
and specimen response linearity characteristics.

Two primary assumptions are inherent in the procedure for changing the test
time scale. First, it is assumed that the most critically stressed area has been
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located and that the stresses in this area can be estimated with suitable accuracy,
Second, it is assumed that a single S-NV curve exists which will characterize the
most critically loaded (stressed) area of the specimen.

Sinusoidal Dwell Equivalence. Starting with a linear, undamped, SDF
specimen where the critical stress S, is related to specimen response ¥, the ap-
plication of Eq. (3-2) yields

Ty 171b = () = Tzﬁzb
or (3-5)
Py = Pyl

where the subscripts 1 and 2 denote the original and sought response levels,
respectively, and the relationship

_ (original time) _  _ T
'R = (oughtime) ~ 1, T, (3-6)

represents the desired ratio of original vibration time to test time. The time ratio
tg is now seen to hold the same relationship between the original and sought
time durations as exists between specimen life at the corresponding stress levels.
The item T is determined by dividing the number of cycles-to-failure at the
corresponding response level stress by the test frequency. That is,

T1=i}’-1‘~and T2=%—,

or, when the frequency is held constant,

Ny
l =R
R Ny *
which is the case for simple time-scaling equivalence.
The application of either Eq. (3-3) or (3-4), which relate specimen critical
stress and specimen excitation, to the same linear, undamped, SDF specimen,

provides

Ve = g (3-8)

which is identical to Eq. (3-5) except that the former is expressed in terms of
specimen response, whereas the latter relates the excitation levels.
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Damping. Damping due either to the properties of the specimen materials or
to the techniques of specimen construction causes an observed reduction of relu
tive response amplitude with incroased oxcitation amplitude. Damping s clussically
doscribed as viscous, Coulomb, or a combination thereof, Viscous damping oceurs
when the amount of energy absorbed by the spocimen is divectly proportional to
the relative velocity botween the responding portion of the specimen und the
portion of the specimen which is being acted upon by a force. Coulomb damping
is frequently referred to us friction damping and the eneigy absorbed is pro-
portional to the relative displacement between the responding and excited por-
tlons of the specimen.

The type of damping may be determined experimentally by plotting the suc-
cessive displacement swings of the specimen, following excitation, when the
motion is allowed to subside on its own accord. An exponential decrease in the
magnitude of the swings indicates that only viscous damping is present, whereus
a linear decrease indicates that only Coulomb friction is present. When both
forms of damping are present the plot will at first show an exponential decrease,
with the decrease becoming linear as the motion subsides. It is interesting to
observe that the natural frequency of a free vibration with viscous damping is
reduced by a small amount, whereas Coulomb damping causes no change in the
system’s natural frequency.

The effects of viscous damping on an SDF system are casily visualized by
plotting the ratio of response acceleration te excitation acceleration (or response
displacement to excitation displacement)against the ratio of excitation frequency
to specimen natural frequency. Such a plot is given as Fig. 3-3 where { repre-
sents the ratio of specimen damping to critical damping.

The presence of Coulemb friction greatly complicates the analysis of the
steady state response of a specimen as produced by an alternating force, especially
if the frictional forces are large enough to cause halting of the relative motion
between the forced and responding elements of the specimen. In general, when
the frictional forces are small compared to the applied forces, continuous motion
will result with the response amplitudes theoretically approaching infinity at
resonance. It was shown by Den Hartog [S!] that the critical ratio of frictional
forces to excitation forces is n/4, That is, when the ratio of frictional forces to
excitation forces exceeds the value m/4, discontinuous motion will result and
halting will occur. The reader is directed to Den Hartog’s work for a detailed
treatment of this subject.

The general qualitative characteristics of material damping have received
considerable attention, with results which are important to the formulation of
vibration-equivalence techniques [49]. In particular, Lazan [52] related the
resonant amplification of a specimen to the strain energy U; and dissipated
energy Uy under forced vibration as

(3-9)
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The strain energy is proportional to the square of stress, and thus it is propor-
tional to the square of vibration response. The encrgy dissipated in the speci-
men due to damping is also related to the stress level us

Uy = CSh, (3-10)

where the factor C is constant for a given material. The data generated by testing
a large variety of structural material were tabulated and plotted. These data were
found to lie within a definite region, as shown in Fig. 3-4. A plot of a “typical”
viscoelastic adhesive material data and a plot of a large plastic-strain damping
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nwterfal data were included to show the effects of large damping. A structural
matevial 18 one which does not have significant plastic-strain damping, nor
significant magnetoelastic damping. It is important to observe that the steuctural
materials exhibit a mean slope or 2 ® 2.4 up to stress lovels which represent RO%
of the convontional endurance-level stress, At this point the value # = 8 more
nearly represents the mean of the data distribution,
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L
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i DAMPING) E
0.002 4 \ T I 1 T
0.05 0. 02 03 0408 O0r 1.0 18 2

RATIO OF REVERSED STRESS & TO FATIGUE STRENGTH S4

Fig, 3-4, Range of dumplng propertles for a varlety of structural marerials,

Equation (3-9) may be rewritten as

Q = AN, (3-11)

where the constant A is sensitive to a specificset of geometric, material, and
stress-pattern factors for a specimen. As a result, 4 will assume different values
for each response frequency of a specimen, a fact which indicates that there may
be no constant relationship between Q and the response frequency unless the
specimen Is viscoelastically damped. In this case Q is a function of 4 only, a
factor important in the selection of sweep rate in sinusoidal sweep testing.

The effects of structural damping become clear when Egs. (3-4) and (3-11)
are combined:
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Vg = Pyt (3-12)

where the value of # may vary from 2 to 8, with n = 2.4 being the preforred value
tor structural materials when thoe stress levels are no more than 80% of the en-
durance siress,

Linearity, As suggested at the beginning of this section, specimen response
linearity characteristics will have an effect on the formulation of an equivalence,
A nonlinear specimen will exhibit changes in response not related to excitation
levels by a constant ratio, irrespective of damping. For solutions to the lincarity
problem we may lock (o nonlinear vibration theory as a source of techniques to
predict the bohavior of u specimen. Such theory will provide exact solutions for
cettain specialized cases involving free vibration; however, exact solutions for the
forced vibration of nonlinear specimen are virtually nonexistent. An exception
would be those specimens which can be represented by a stepwise linear model.

The two fundamental nonlinearity models are the hardering model and the
softening model. These inodels are illustrated by Fig. 3-5a. The hardening model
is one which tends to resist displacement with a restoriag force which increases
more rapidly than the displacement. The reverse situation is called the softening
model. The effects of hardening and softening on the fveely vibrating specimen
are shown in Fig. 3-5b. In Fig. 3-5b it is seen that the system resonance fre-
quency decreases with increasing displacement for the softening model, and
increases with iIncreasing displacement for the hardening model. A hardening
system with damping is shown in Fig. 3-5¢. As in the case of the linear system,
damping defines the resonance response amplitude.

The eftects of specimen nonlinearity are often observed in the vibration labora-
tory. For example, a specimen may be subjected to a low-excitation-level,
sinusoidal-sweep vibration for the purposes of recording resonant response fre-
quencies. Next, the same specimen may be subjected to a higher excitation level,
sinusoidal dwell at one resonance for evaluation purposes. If the specimen is
nonlinear, it will be observed that the excitation frequency which produces
maximum response will no longer coincide with the resonance frequency deter-
mined by the low-level sinusoidal-sweep test.

The occurrence of specimen nonlinearities, when recognized, may be accounted
for by one of two approaches. First, the specimen stress vs excitation ampli-
tude may be experimentally recorded while the excitation frequency is held
constant. In this case the vibration equivalence would be formed on a stress
basis directly,

Sy = SltRI/b.

(3-13)
The second 1pp.--.ch weild be to adjust tie excitation frequency to match the
maximum respoase freg ency of the specimnen and to scale the test time accord-
ingly. In this case, £7 must be corrected and the scaled test duration would be
computed as
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Fig. 3-5. Nonlincar characteristics,

i

iy = fz-% , (3-14)

where /5 is the corrected test duration, f is the response frequency at the
higher excitation level, and f is the response frequency determined by the lower
excitation level test.

Sinusoidal Sweep Equivalence. The next most simple time-scale equivalence
is performed on the sinusoidal sweep test. That is, to effect a change in test time
by varying the number of sinusoidal sweeps and the test excitation level. It is
assumed that the specimen is an SDF system and that the original sinusoidal sweep
test was properly designed [5S3]. The duration and level of a sinusoidal sweep
test are scaled as in the case of the sinusoidal dwell test, the exception being that
tg is found oy the ratio

_ original number of sweeps
R desired number of sweeps (3-15)
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Further parametric manipulations may be possible, that is, changes in sweep
rate; however, such manipulations are complex and involve several variables. A
certain number of cycles of excitation is required at resonance to allow the speci-
men to develop full steady state response. A variation of excitation frequency,
as in a sinusoidal sweep test, produces a given number of cycles ir the region of
each resonance. Each region of resonance is usually characterized by the half-
power bandwidth B, as shown in Fig. 3-6. Full steady state response of a speci-
men subjected to a sinusoidal sweep test may be expected only if the sweep rate
is sufficiently slow as to allow a full response buildup within B. Such factors as
sweep direction, sweep rate, natural frequency, sweep metliod, and damping
have importance in determining specimen response to swept excitation. One
approach, as proposed by Cronin [54], provides a good approximation of maxi-
mum steady state response in terms of a sweep parameter s. If X represents the
ratio of resonance response buildup to steady state response, then

1

X =17 xp 2860495 ° (3-16)
where
- 2,,
s =_’£‘_ = ..Q_‘_f.. (3_17)

2 2
B 5

and fiis the absolute value of the time rate of change of frequency through B. In
addition, the sweep excitation causes a specimen to achieve maximum response at
higher frequencies on increasing frequency sweeps, and maximum response at

A
Vmax

A

RESPONSE v—»

EXCITATION FREQUENCY
Fig, 3-6. Half-power bandwidth B defined.
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lower frequencies on declining frequency sweeps; the amount of offset being a
function of the magnitude of f [55]. A method which is used to change sweep
rates is discussed in Section 3.3.

Complex Spectrum Equivalence

The conversion of a field or laboratory vibratory excitation which consists of
several discrete sinusoidal excitation frequencies, or one or more random excita-
tion spectra, defines the next level of complexity in test time scaling.

Several Sinusoidal Excitations. The excitation of a specimen by a sequentially
or simultaneously applied group of single-frequency sinusoidal excitations may
be used to represent field vibration conditions. The field excitation spectra may
encompass a wide range of excitation frequencies. However, the specimen will
tend to respond to this excitation within narrow frequency bands, each centered
about a resonance frequency. Although fatigue damage accumulates at all stress
cycles, the error in assuming that damage occurs only within the half-power band-
width B is less than 3%. As a result, the time scaling of a field or test condition
is carried out considering only the damage accumulated at each resonance.

A usual assumption which accompanies the following equivalence practices is
that each resonance acts independently of all other resonances. This is a reason-
able assumption provided that sufficient frequency separation exists between the
response frequencies. If there is insufficient frequency separation, the influence
of one response on the other may appear as shown in Fig. 3-7. This figure
shows a typical response acceleration vs frequency plot for a specimen which has
two resonances with significant interaction. The solid line indicates the measured
response. The dashed lines show the responses at each resonance, where the
specimen was allowed to respond independently. The distortion of B is an im-
portant source of error for the sinusoidal sweep test (recall Eq. (3-17)). How-
ever, this resonance coupling introduces very little error in the simple sinusoidal-
dwell time-scale equivalence computation.

Vv ——

A

RESPONSE

B~8
% ERROR = -—B—(IOO)

EXCITATION FREQUENCY =——s

Fig. 3-7. Distortion of B due to adjacent resonance,
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The time-scale modification of a field or laboratory excitation record, when
that record is composed of more than one discrete frequency of excitation, con-
sists of scaling the excitation bond separately at each frequency, as described
on pp. 38 to 46. The resultant equivalent test would be described by a revised
set of excitation levels and a corresponding excitation time at each level.

A variation of excitation level at any one discrete frequency is frequently
observed in the field. Time-scale modifications may be accomplished by comput-
ing an effective stress S, and then performing a time-scale modification based on
the effective stress. The equations for effective stress are repeated below for
convenience.

Miner’s method

b7]1/b

%
i

(2-8)

Corten-Dolan method

Z ”isid 1/d

Se = | ——— (2:23)

Shanley’s 2x method

1/2h

Z n;S;

S, =|—— (2-35)

x

The Shanley theory yields the most conservative result. The corresponding time
at the effective stress is

te =~ (3-18)

Random Excitation. Frequently a sinusoidal dwell, or multiple sinusoidal
dwells, occuring at different frequencies will not duplicate a field condition with
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aebtable acowraey.  In this cuse a random vibration loading is used to achieve a
more reatistie test, Gnee an ordginal random spectrum is defined or assumed, an
equivatent rantom test may be desired which is modified in level to achieve a
change In test tine, ‘The cnvironmentul engineer may also wish to convert a
series ol field experiences, which vary only in cnergy level, io a single-level
equivalent spectrum. The time scaling of a stationary random-vibration test is
handled in much the same manner as the time scaling of the single-frequency
sinusoldal-dwell test, To this case the rms stress level is defined by

S = GlhHOWUN0S, (3-19)

where (/) represents the excitation spectral density in the bandwidth of
specimen resonance.

In the preceding development of random-excitation time-scale equivalence it
was assumed that the random process was stationary, that is, the energy distribu-
tion vs frequency envelope was constant with time. It was also assumed that the
excitation and response were Gaussian processes.  As noted by Smits [56], a
non-Gaussian - random-loading history or test input are poorly understood
stochastic processes, Narrowband nongaussian processes may be approximately
characterized by teatures such as the average frequency of mean level crossings
and crest distribution, More verified research is required before reliable models
may be selected for equivalence purposes. The use of the Gaussian probability
density function is defended by Poppleton {37] and others, who note that many
important structural inputs appear to be good approximations of a Gaussian
process. Further, there is a large body of literature concerned with the Gaussian
distribution, and a Gaussian random-noise generator is a convenient excitation
source for the electromagnetic-vibration testing machine,

Time-Scaling Practices

Table 3-1 is provided as a summary of the vibration equivalence time-scaling
techniques developed in Section 3.2.

The assurmption that a single energy level and time scale change which will pro-
duce an equivalence test simultaneously at each individual response frequency, for
aspecimen which responds at several frequencies, is usually not valid, As a result
it is necessary to identify all potentially critical sections of the specimen. A test is
then designed which will produce equivalence for one or more critical sections, and
which will undertest the remaining sections. For a linear specimen with no damping,

W(i)2 = W) 7P (3-20)
Qr

W(g = W0, el G321)

where  W(fj) and W(f;) are the excitation and response spectral densities,
respectively.
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Damping is accommodated in a manner similar to that which was employed
for the single-frequency sinusoidal dwell, except that Eq. (3-19) is used to define
the stress level that will result from W(f;). As a result, for the linear system,

W = WO e?. (3-22)

Should the specimen exhibit a nonlinear response at the frequencies which elicit
the critical stresses, the scaled test duration should be corrected as described by

Eq. (3-14).

3.3 Change-of-Test-Type Equivalence
Preliminary Comment

In addition to developing and using equivalence procedures to design tests
which have been time scaled for convenience in laboratory testing, the fatigue-
based equivalences have been used to equate various test types for compadrison
purposes. Change-of-test-type equivalences are also important to the product
designer. They enable him to predict how his design will react in an application
involving a new dynamic environment if he knows how the design responded to
some other dynamic environment.

There are a few general observations which may be made relative to the change-
of-test-type equivalences: (a) there is a need to have these equivalences, (b)
various theories have been developed to provide sets of equivalence relationships,
and (c) there are very little reliable data available which may be cited to sub-
stantiate the equivalences. The lack of proven substantiation is unfortunate;
however, the need for change-of-test-type equivalences is persistent and this
need is expected to stimulate a continued search for reliable change-of-test-ty pe
techniques.

The remainder of this section covers basic work in change-of-test-type
equivalences and ends with a tabular summary of the resultant equivalence
relationships.

Miles

The change-of-vibration-test-type equivalence was probably first considered
by Miles [57] in 1954. Miles noted that there are three basic subsets of the gen-
eral problem of determining the stresses in a specimen and the consequent pos-
sibility of fatigue failure: (a) the statistical description of the original loading,
(b) the statistical description of the dynamic response of the specimen to the
applied loading, and (c) determination of the probability of fatigue failure as-
sociated with the response,

He assumed that the specimen was an elastic structure, that it could be repre-
sented by a lightly damped SDF oscillator, and that the specimen response has
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sharp frequency selectivity associated A
with resonance. The frequency response
characteristics of the narrowband oscil-
lator are illustrated in Fig. 3-8.

Both the linear cumulative-damage
hypothesis of Minm and the nonlinear
hypothesis of Shanley were considered.
The Miner hypothesis was selected be-
cause Miles concluded that the Shanley -
theory leads to insignificant changes in FREQUENCY
life relative to the Miner theory when pig, 3.8, Response of a narrow-band-
stress amplitudes are distributed continu- width oscillator to a wideband input,
ously over a wide range. The Miles ap-
proach involved the selection of a single sinusoidal stress level which would pro-
duce the same fatigue damage as a random load spectrum. The resultant
equivalent stress equation is

RESPONSE

77N
*‘—mPUT
\
\

PSD

Z ny ke | ko)
Se = ————— , (3-23)

T

where the function ka is a constant determined by test or derived from an as-
sumed mathematical model of the stress field. The assumed mathematical model
may or may not make reference to a material S-V curve. If k =1 and a=b ord,
the expression would equal those of Miner or Corten-Dolan, respectively. The
Shanley theory is duplicated when k =2 and a = b, The range of k is imprecisely
defined but probably does not exceed 2. Equation (3-23) was applied by Miles.
He assumed a narrowband continuous stress spectrum to provide an expression for
the probable equivalent stress,

f;kap(s) 1/(ka)
0

——

[ ;‘(S)ds
0
-

which was integrated for a lightly damped SDF oscillator (as shown in Fig. 3-9)
to yield

0%
H

(3-24)

-

S = (23-2)’/2[1*(525 + 1)] 1/(ke) (325)
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LLLLLL L LL  And, assuming the Rayleigh distribution for

P(S),
K —1e
=]
P(S) = 0.58 exp 357 - (3-26)
M Y
Tr Miles then simplified Eq. (3-25) by the use of
Fig. 3-9. An SDF oscillator.  Stirling’s formula to approximate the gamma
function,
F2\ %2 % S‘Z Y
Se = (nka)lﬂ?k)(’“’f ) w(‘z ) : (327)

where e is the base of Naperian logarithms and small terms are neglected.

The preceding analysis led to the central result of Miles” work where he related
an equivalent stress to the stress produced by a static loading of the resonant
structure with an rms force F,

= (3-28)

Se _ (kem woW[F])*®
So 4ebd F ’

where
wq = the resonant frequency of the structure
So = the stress resulting from a static load application of the rms force F'
8 = the ratio of structural damping to critical damping
W[F] = the power spectral density (PSD) of the force in the neighborhood of
resonance.

This relationship was applied to two cases. The first was the case of a mono-
tonically decreasing load (i.e., W[Fy4] decreases as frequency increases) of the

form
2 2
WIF4] = (0;21[:/;> exp \:—(f;—) :| , (3-29)

where subscript d refers to the decreasing load spectrum, and w is the charac-
teristic frequency usually selected as the frequency at the half-power point. The
second case was a load spectrum of the Gaussian form which exhibits a peak at
some angular frequency wp, , as given by

772 2
WiF,] = <w—‘;’:77_7>(u%> exp [‘(ZSZ)] , (3-30)

where the subscript p refers to a peaked or Gaussian spectrum,
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Of the preceding expressions for the monotonically decreasing load and the
peaked or Gaussian spectrum, probably the peaked spectrum is the most repre-
sentative random load distribution encountered in service. The corresponding
stress ratio for the monotonic load is

So  \2¢) \% ) \w; Pl 2\ey/ |

and the stress ratio for the peaked spectrum load is

Se (VA V ka %'w0)3/2 [ 1{wp V2
| | (2NN ) e 5a)] . oo
3 The corresponding upper bound on stress ratio for the peaked spectrum was com-
9 puted by Miles to be
Se ~ ka| "
TS,—(ilmax 0.51[—6—] . (3-33)

The use of typical values (@ = 10, k = 2, and  =0.02) yields S,/Sy = 16.

Spence and Luhrs

Spence and Luhrs [58,60] extended the Miles analysis by developing a
J method by which different random or combined random plus sinusoidal vibra-
tion excitations may be compared. In the Spence and Luhrs derivation, sub-
stitute sinusoidal vibration excitations were developed based on the response char-
acteristics of a single resonator system, and amplitude and time relationships
were based on the usual appropriately selected S-V diagrams.

The Spence and Luhrs analysis utilized an expression for the amplitude prob-
ability distribution of a combined constant-amplitude sine wave and Gaussian
signal with Eq. (3-24). The result was an expression for the equivalent sinusoidal
stress in terms of a combined rms sinusoidal and random stress

kiz (L) H (ko)
Se 2 ka \? 27
~ = —1 (3-34)
_ S, (2+r7)’72(2) Z :-.2_1_ Y, ’
3 o @ 2ka z).
o where
S, = the combined sine and random stress of the form
s2=5+5%, (3-35)

Ss = rms sinusoidal stresy

. S, = rms random stress

5 r = the ratio of peak sine to rms random stress
i = the summing integer.

B——
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Equation (3-34) was evaluated by the following manipulations, First, it was
noted that ka/2 was restricted to integer values during development of the
equivalent stress equation. Second, the weighting factor & was considered to
range between the value of 1 and the conservative Shanley limit of 2 {27]. Third,
the relationship between a and the slope of the linear portion of an S-V diagram
was defined as

a=b (3-36)

in accordance with the definition of b per Fig. 2-6. Fourth, the fatigue relation-
ship of Eq. (3-34) was related to an actual dynamic system by assuming that the
response of a single resonator would constitute a suitable mathematical model for
fatigue failure in an actual specimen,

Sefr WV . 92)\°
Vsde = -Sf(g Qf + V2) , (3-37)

where
Vide =sine dwell substitute excitation, g peak
W[V] =PSD of the excitation in g2/Hz
fn = the natural frequency of the oscillator in hertz
Q = the resonant transmissibility of the oscillator

V = rms sine excitation, grams.

Fifth, Eq. (3-37) was modified to achieve the form,

p, = 7L, L) (3-38)
€ s.\42 T 2/

where I—/sd,e is the rms sinusoidal substitute equivalent excitation; and finally,
vV

R AN—
<§ wwlfn>°'5
0
2V
B ('"w[V]fn )0'5
0

(3-39)

The variable 4 was plotted in Fig. 3-10.

It was assumed that W[V] was a constant value (i.e., white) over the entire
frequency range of interest. This assumption was considered to introdure little
error because only the value of W[V] in the vicinity of f,; would be exp:cted to
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Fig. 3-10. Ratio of Sg/S, vs 4 for varlous values of ka [59].

cause significant specimen response. The only restriction of W[V] is that it is
flat in the vicinity of f,. Kaufman et al. [61] may be consulted for the case
where W{V] varies greatly in the vicinity of f,,.

When the desired substitute excitation is a fixed-frequency sinusoidal signal,
which is intended to represent a random excitation combined with swept
sinusoidal excitation, the formation of an equivalence consists of two steps.
The first step is to account for resonator response when the swept sinusoidal
component passes through f,. The second step is to account for resonator re-
sponse when the swept sinusoidal component is away from resonance and the
resonator is excited only by the random components at f,,.

Two assumptions are necessary at this point to enable computation of an
equivalent time at resonance for sinusoidal signal swept through f,,. First, am-
plitude buildup of the resonator response is independent of sweep rate, which is
true only for relatively slow sweep rates (recall Ey. (3-16)). Second, the time at
resonance is considered to be the time required for the sweeping signal to move
between half-power points of the resonator [62]. For a constant sweep rate the
time at resonance f, is

= _60f
te = Q_Tfr’;’t—e)‘ , (3-40)

which was plotted as Fig. 3-11. For a logarithmic sweep rate the tinie at resonance
¢ is
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(,+0.Sl
601n ')-:“—(“)‘3'

& —— N 3- \
h (rate)in2 (3-41)
which was plotted as Fig, 312,

When the sinusoldal component is away from the resongnce band and only
the vandom components are present at resonunce, the sinusoidal substitute value

[57,58] is

1

. S .
Ve = § 7 (3:42)

LS|

where the superseript denotes the original signal type, the subscript denotes the
new signal type, and e symbolizes equivalence. The time duration fgy . asso-
clated with the rms random equivalent sinusoldal test signal Vgy . is the total
time duration of the original envelope minus the time consumed sweeping through
resonance. Fora constant sweep rate,

tde =t = los (3-43)

where ¢ is the total time duration of the original signal and ¢, is the time at con-
stant sweep rate when the excitation signal Is sweeping through resonance. Fora
logarithmic sweep rate,

tde =t = 1, (3-44)

where ¢ is the time during a logarithmic sweep rate when the excitation signal is
sweeping through resonance.

The two components, an equivalent rms sinusoidal signal simulating a swept-
frequency component and an equivalent rins sinusoidal signal simulating a ran-
dom component, are adjusted in level and time duration in a manner similar to
that used for test time scaling. That is,

[T 1/b
sde _ N;de
Vsd,e (NSd.e)

where
Nsrd'e = the number of cycles to failure at the equivalent rms sinusoidal dwell
level which represents an original random excitation
N ::;e = the number of cycles to failure at the equivalent rms sinusoidal dwell
level which represents an original swept sinusoidal excitation.

The preceding is accurate only if stress is directly proportional to acceleration.
If stress is a nonlinear function of acceleration (or loading) then suitable modi-
fications are required to accurately apply Eq. (3-45).
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The substitute sinusoidal dwell signal, as derived by Spence and Luhrs from
the work of Miles, is applied using the specimen’s natural frequency, the derived
equivalence level, and the appropriate time of application. Table 3-2 is presented
to summarize and organize the computations required to find an rms sine sub-
stitute excitation for either a combined random plus swept sine or a random only

signal.
Table 3-2. The Spence and Luhrs Computational Sequence
Step Comment Using
1.0 Define resonator] fi;, @, and b Measurements, analysis,

model

or intuition

for the normalized level of 6.3

2.0 Define original | Time of exposure, W[V] as a
excitation function of frequency, and as
appropriate, superimposed
sine sweep or dwell level,
sweep rate, and frequencies
3.0 Find S./S,
2.1 Determine A Eq. (3-39)
3.2 Find S./S. Select appropriate b and Fig. 3-3
assume 1 Kk<2. Ifno
sinusoidal component, then
read S /Sc ata =0,
4,0 Compute Vsd, o | Equivalent rms sine Jevel for | Eq.(3-38)
combined random and swept
sine which acts for £1 or ¢,
5.0 Compute Vi, | Equivalent rms sine level for | Eq.(3-42)
random only
6.0 Define test time
6.1 For combined Depends on type of sweep (Eq. (3-40) or (3-41)
random and sine | (logarithmic or constant rate)
6.2 For random Depends on type of sweep Eq. (3-43) or (3-44)
only (logarithmic or constant rate)
6.3 Normalize Adjust Vg, to same basis, | Eq.(3-45)
either 4.0 or 5.0
6.4 Total Equivalent test time at f}, Sum of 6.1 and 6.2
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Crede and Lunney

Crede and Lunney [63,64] conducted extensive studies for establishing en-
lightened shock and vibration test requirements for missile and airborne electronic
equipment. They considered the nature of equipment responses and found these
responses to be more important, in the evaluation of test severity, than the char-
acteristics of the input vibration. This conclusion followed an observation that
the stress level was more directly related to the responses of equipment structures
rather than to an input excitation.

The authors advocated the use of a two-level test, based on curves which
envelop appropriate sets of field data measured at the equipment mounting
points. An operational test would be performed using the measured vibration as
the test input level. A nonoperational or structural endurance test would be
performed by exciting the equipment at an increased input level for the pur-
poses of reducing rest time. The accelerated test was derived using S-V curve
information as discussed in Section 3.2.

In the case of airborne electronics, the excitation vibration was considered to
be solely sinusoidal. In the case of missile electronics, excitation vibration was
considered to be represented by a continuous spectrum.

The suggested equivalent test consisted of a substitute sinusoidal test. A
Miles type of analysis was used to derive equivalent stresses for two cases:

¢ Continuous spectrum excitation
® RBeat excitation.

The continuous or random spectrum involved the Miles analysis approach to
derive an equivalent stress relationship. Equation (3-27) is repeated here for
convenience:

< 2\0.5
S, ~ <k°f ) . (327

The Miles expression was further simplified by assuming that k¥ =2 and a = 10
were representative parameters, with the result that

S, ~ 2.718. (3-46)
The choice of parameters £ and a must be carefully made. For example, it was
noted earlier in the discussion of Miles’ work that k = | and a = 10 were typical
values. Thus from Eq. (3-27),

Se =~ 1925, (347)

which is more in line with data from Granick [65] and McIntosh and Granick
[66].
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A beat excitation signal was considered to be the sum of two or more dis-
crete spectra. The discrete spectra may result from an interposition of vehicle
structure between the primary excitation source (aerodynamic buffeting, engine,
other) and the equipment mounting location. Because structures tend to respond
at specific resonance frequencies when loaded by a continuous or nearly con-
tinuous excitation, it is these resonance “bandpass™ frequencies which even-
tually combine to form the excitation spectrum for an individual item of equip-
ment in or on the vehicle. The resultant discontinuous excitation spectrum may
consist of periodic beats of varying amplitude, or it may consist of aperiodic
beats. Crede and Lunney considered the case of periodic beats resulting from two
equal-amplitude steady state components which were slightly different in fre-
quency. The resultant beat excitation was assumed to periodically reduce to
zcro. The resultant beal excitation is shown in Fig. 3-13.

+y

- PERIOD

Fig. 3-13. Beat excitation (for two nonharmonically related frequencies),

The equivalence problem was resolved by finding an effective vibration level
which would provide the same damage as the fluctuating stress. The equivalent
stress was given in terms of the peak stress Sg, caused by the beat excitation;

.., — L
Se = S + (1257 - 28241, (3-48)

with the result
S, = 1.38,
where Sgp/S=2.1,

The difference between continuous and beat spectra is due to differences in
the relative percentage of low-amplitude stresses. Comparison of Eq. (3-49) with




AP

CUMULATIVE-DAMAGE EQUIVALENCES 61

Eq. (3-46) illustrates the necessity of knowing the appropriate probability dis-
tribution functions for the response stresses in order to select proper equivalent
test levels.

Mains

Mains [67] attempted a generalized approach to the problem of damage ac-
cumulation in environmental testing. Although his analysis relates to fatigue
damage by use of Miner's theory, the approach could be applied to other types
of damage. The degree of damage was assumed to be equal to the product of
three factors,

D = 414,43, (3-50)

where
Ay =an amplitude of maximum response factor
A, = a distribution of load amplitudes factor
A3 = a material and structural factor.

There are four assumptions which are basic to the Mains approach.
1. A damped-oscillator model similar to that of Miles (Fig. 3-9) will charac-
terize the specimen and respond to a transient load in the usual manner,
y=exp (~bwpt)Cy sinwpt + yo(t), (3-51)
where
»y = displacement or stress or strain

wy = natural response frequency.

2. A linear approximation suitably describes the logarithmic S-N curve in the
region of interest,

Nk = C, (3-52)

where X, y, and C for our case of fatigue damage are analogous to b, §, and C|
from Eq. (2-3)

yNE 5 SNVb = LD, (3-53)

3. If yielding is involved then the assumed amplitude decay (i.e., the exp
(-8wyt) term of Eq. (3-51)) is too slow and must be adjusted based on
experiment.

4. Damage accumulation is linear in accordance with Miner's theory (recall

Eq. (2-5).
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With this basis cstablished, the damage is expressed as

b b b

C . 1 Cb” ] -nd

D= <—~—~'""—‘) E ( -—-——) 1+ ex (——-——*—* X
C Cinax P V1-382
1/6
O . -3
exp (—3 __.2_
J

r

where
Chax = the largest initial response in the series of transients
('3 = the initial response of the different  (mith) transient
it = the number of cycles in the transient,

(3-54)

Assuming that the previous work was coirect, Mains presented a series of
relationships between relative damage and various individual parameters. These
refationships are given in Table 3-3. Although the approach taken by Mains is
not supported by data, it or a similar approach could serve as a basis for further

rescarch on damage accumulation,

Table 3-3. Relative Damage as Affected by Various Factorst

Factors Relationship {
. : Dy Cinax 1>l/k
1.0 Change of test amplitude o | e
ange of test amp D, (Cmax )
i D N
2.0 Change of » at constant load amplitude L 2l
ange of n at constant load ampli D7,
3.0 Change in test time only at constant cvcle D _
rate and load Dy t
: . . Dy _ (A3)
4.0 Change in damping ratio v
8 Pine D; W3
) ) Dl C2 )‘/k
5.0 Change in strength of material _— = =s
g g D, <Cl
6.0 Change in sirength of material and Dy _ zl/kZ(A 201 {A3)
slope of log S-vs-log NV curve D, Clukl(Az)z(A 1)

t From Mains [67].

1 The subscript 1 refers to the new or changed condition; subscript 2 refers to a reference
condition; k and C arc defined in Eq. (3-52); and 4, A9, and A3 come from Eq. (3-50),
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Hall and Waterman

Hall and Waterman [68] provided one of the earlier attempts to develop a
complete set of equivalence relationships between sinusoidal and random vibra-
tion histories. Their work is documented here for reference purposes, although
it has not found wide application in recent years. The basis for equivalence was
the amount-of work expended due to damping forces, and it was assumed that
each type of vibration history would produce the same amount of damage on a
second-order system model. The equivalence expressions were derived for si-
nusoidal dwell at resonance, sinusoidal sweep, and random vibration.

The work expressions from the original paper are given below.

Sinusotdal dwell ar resonance

=27172 2
- mym VSdIQg
Wed,i = 3" , (3-55)
Ml(“"n
where W refers to work.
Random
. 2_2
ty i WiV
W,; = L& 4’171'!1 V] (3-56)

Sinusoidal sweep at constant rate
— 22 2
m Vss,i g

8(rate M, (3:57)

Wss,i =

where
W = work
i = a subscript identifying a specific load level
m = ZM;f;, a generalized mass
My = ZMijgz , a simplifying substitution
T; = the total time at load level i
(rate) = the constant sweep rate in Hz/sec.

Equivalence was established from the work expressions by equating work
terms. The resultant relationships were given in pairs.

Sinusoidal dwell—random

! W 0.5
V;d.e = ( [2VQ]wn)
, (3-58)
sd . 20Vai
WINle' = =55
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Sinusoidal sweep—random

0.5

Vie = [(-%)2W[V]Afo] '

(3-59)
W[ = 4 Vsi,i
e ty 2Af0

where
fo = an octave bandwidth
to = time to sweep one octave.

The sinusoidal dwell—sinusoidal sweep pair was not presented; however, by
noting that

tedi = —L:i’; , (3-60)

the last pair is easily derived:

Sinusoidal sweep— sinusoidal dwell

0.5
2 N | TR W
sde — TS\ fq, | 810BTo

VSd = Vs tsd,i SﬂQAfO 05
e = Vil %% =G

(3-61)

Waterman [69] extended the primary analysis and noted that the equivalence
philosophy was that damage is cumulative and linearly related to time (cycles)
of toad application at a given load level, Waterman assumed that

D = §oW, (3-62)

where damage is equal to the product of work due to damping and rms re-
sponse raised to the o power. The parameter « is similar to the SN curve
parameter b, The difference is that « characterizes the slope of an amplitude-vs-
time plot constructed by testing a model to failure at several load levels. This
approach provides an equivalence based more on engineering philosophy rather
than mathematical rigor. Waterman proposes a = 2 for steel and « = 0 for
aluminum based on limited experimental test Jata. These values should be veri-
fied by more data prior to use.
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The resultant damage expressions are given below.

Sinusoidal dwell
o @IV At .
Sd,i = +2)/2 okl ) “03
QA2 w7
which was not derived by Waterman but was included for completeness.
Random
- 2 /2 2
AW TP ey, o)
rad = - . . )
(2 wp?)
Sinusoidal sweep
202, at2\, Hat2
(1.443m) 222y 2y p s
sod P8 (3-65)

55,0 =
@) (eor D12

where n( = the total number of octaves swept.
Equivalences between various types of vibration were obtained by equating
damage functions, and the relationshipe again appear in pairs,

Sinusoidal swell—-random

1/{a+2) 1/2
t i W w
Vie = [_m_] [_[_’ﬂ_ﬁ_'LJ

lyie 20
2/(at2) 2 (3-66)
Wi = |G " ZQVsd.iJ
¢ [ .
Sinusoidal sweep—random
r Ir,i e Now, W[V] 12
Vsse = [ts;,J [ T.443n ]
3-67)
Wi = {t,s,”/(“*z) [1 443n vy |
¢ t e_l nown .|
Sinusoidal sweep- sinusoidal dwell
1/ (a+2) 1/2
. vt ]
sd,e
(3-68)
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Equations (3-66), (3-67), and (3-68) show that when test times are equal, the test
amplitudes are independent of a.

Gerks

Gerks [26,70] presented a complete set of equivalence relationships between
sine sweep, sine dwell, and random vibration histories. Both the Miner and the
Corten-Dolan fatigue-damage accumulation theories were applied in a Miles type
of analysis to form equivalence expressions. The resulting equivalence equations
recognize the dynamic characteristics of specimen natural frequency and trans-
missibility. A linear SDF system was used as an idealized dynamic model; how-
ever, the analysis is applicable to higher mode responses. It was assumed that any
complex equipment may be represented by a combination of noninteracting
SDF oscillators. It was also assumed that the total damage caused by a combina-
tion of vibration spectra was the sum of the piecewise damage caused by each
individual spectrum, The case of nonstationary or time-varying vibration was
treated by dividing the environment into a series of sequential environments,
each with a set of constant parameters,

The resulting expressions equate fatigue damage in terms of vibration input
parameters rather than stressor strain. Gerks indirectly validated the expressions
by conducting a limited series of tests on aluminum alloy cantilever beams with
end masses and viscoelastic dampirg. As a result of these tests, the expressions
based on the Miner fatigue hypothesis were found to be more accurate than those
based on the Corten-Dolan theory. The foliowing discussion will cover the
general assumptions required to generate the equivalence expressions; however,
only those relationships based on Miner’s theory are presented.

The following assumptions were made to reduce the complexity of deriving
the equivalence expressions:

1. The logarithmic S-V curve is linear in the range of interest.

2. The various types of vibration occur sequentially.

3. More than one vibration-excitation component could exist at one time;
however, these components would have sufficient frequency separation to avoid
simultaneous excitation of any one resonance,

4, The vibration-excitation amplitude is constant and varies insignificantly
in the region of each specimen resonance.

5. The field vibration is stationary or can be representcd as a series of se-
quential stationary environments.

6. Sine sweep rates were assumed to be sufiiciently slow so that the resulting
specimen response to the sweep excitation could be approximated by a dwell
response,

The application of the Gerks equivalence expressions is a four-step procedure:

1. Choose the final test duration and type of equivalent test which is desired,
i.e., sine dwell, sine sweep, or random.
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2. Combine all like types of vibration history into one test of each type last-
ing for the same duration as chosen in Step 1. The result would be, as applicable;
all sine sweeps into one equivalent sine sweep, all sine dwells into one equiv-
alent sine dwell, and all random envelopes into one equivalent random
envelope.

3. Transform each equivalent test type into the preselected or chosen type of
test.

4. Combine the like types of vibration from Step 3 into the final equivalent
test level.

A diagram of the reduction procedi.s a outlined above is presented in Fig.
3-14.

Three types of expressions wer: ¢ s »'oped: First, expressions which are used
when each type of vibration history m.ust be combined into one history for some
desired exposure time. Second, expressions used when each combined
history must be transformed into one final type of history. Last, expressions
used when each transformed history must be combined into one final equiv-
alent test.

The expressions for combining like vibration histories into one history of the
same type are as follows:

Several sine dwells to one sine dwell

m b b /b
_ fij i (Vsd)i,j
VSd.e - 7, o fii Y 2 b72
e el i) | - (H (202-1)
=1 j=1 n n
(3-69)
Step 1 Original Vibration Step 2 Step 3 Step 4
L.
Choosa final test type and o o 4
. P - St
duration (assume sine L Vsd, i tsd,i ﬂ*vsd,e' te -=Vis.er to
sweep for time te) i
ss
Z Viss,ir tss,i "'j" Vss,ev tg > Vss,e' te
i
r r
LWVt =WV tode Vi o
/ -

Fig. 3-14. Equivalent test reduction procedure (an example) [26],




g

68 EQUIVALENCE TECHNIQUES FOR VIBRATION TESTING

Several logarithmic sine sweeps to one logarithmic Sine sweep
1]

(3-70)

where f3; and f1; set upper and lower frequency boundaries on the original sweep,
and f3. and f1, reflect chosen boundaries for the equivalence sweep vibration,
assuming that both the original sweep and the equivalent sweep pass through
specimen resonances of interest.

Several random levels to one random level

m 2/b

wivl, = Z(g)wmf’/’J& (3-71) .

i=1

The expressions for transformations between types of vibration history while
holding exposure time constant used a factor ¢ to simplify computation and re-
duce computer time,

¢=

f2
In 22 NDQ 0.645
Nil . (1.89) 372)

fnt b

where ¢ was shown to introduce no more than 2% error when 10 = Q > 30 and
102 f,, = 1500 Hz.

From a logarithmic sine sweep to a sine dwell
/b
f; 2e)
In{===
¢ <f le

From a sine dwell to a logarithmic sine sweep

f 1/b
Qln 72—‘1
vid = ~—§—ﬁ)1 (3-74)

ss,e sd,e )

Vsi?,e = Vise (3-73)
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From a random spectrum to a logarithmic sine sweep

1/2 an(fz")FQ + b> v
7 _<W[V(]29wfn\ fle¢ 2 (3.75)

ss,e ~
/

From a random spectrum to a sine dwell

172 1/b
Vi, = <__WW[Vée”f"> [r<1 +“§“>] (376)

From a logarithmic sine sweep to a random spectrum

2 2/b
wivly = (V”"’Q A (3-77)
e /| gun(Z2e\y 4 2
fle'/ \ 2
From a sine dwell to a random specrrum
/ 2 2/b
wir)se = (Q V““) ! (3.78)
Tfn l"(l + !21>

The final equivalent level is derived by combining all similar types of
vibration.

Final random equivalent
2/b
wivly = {(wInp)?? + (wini$)P2 « ()P @9

Final logarithmic sine sweep equivalent

= b b d \b| 1/b
Viag = [Vise)” + (Vo) + (V50)] (3-80)
Final sine dwell equivalent

Vsd,f = [(Vsd,e)b + (Vssasf,e)b + (Vsrd,e)b] 176 (3-81)

The approach presented by Gerks may be adapted for use on a computer.
When so doing, the computer output may be displayed as an equivalent test spec-
trum plotted directly as a family of curves which are a function of Q. As an
example, Fig. 3-15 illustrates the result of combining both random and sine-sweep
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spectra into an equivalent sine-sweep test. If the specimen is resonant at the
four frequencies indicated in Fig. 3-15, then a final test envelope is represented
by the dashed line. The construction of the dashed line was made possible by
the prior assumption that significant damage cccurs only in a resonant region.

100

Q=10
Ty =300 — Q=20
Q=20 ! Q=30
. 4
2 r Q=15
& | FINAL !
z | EQUIVALENT !
z 07 i Test !
3 ! !
’—
‘S H Q=25 i
) | COMPUTER OUTPUT !
= | SPECTRUM ]
1
| |
! SINE SWEEP TEST !
| te= | HOUR I
[}
| i
i } |
T 1 ! 1 1
10 20 100 000 2000 10,000

FREQUENCY IN Hz

Fig. 3-15. Example determination of an equivalent vibration envelope.

Change-of-Test-Type Practices

To perform change-of-test-type equivalence we have seen that it is necessary
to

1. Determine or estimate the response frequencies and associated resonance
amplification factors which describe the test specimen.

2. Describe the original test or field history vibration in terms of a temporal
sequence of sinusoidal, random, sine-sweep, or a combination thereof, vibration
loading.

3. Select an appropriate S-V or S-N curve or curves which account for variable
factors such as stress ratio, mean stress, residual stresses, temperature, notches,
and the like.

4. Make comparisons between vibration I _.ories or perform equivalence on
the basis of exciting the specimen by a mounting structure of known impedance.

5. Use a sujtably slow sweep rate when determining a sinusoidal sweep equiv-
alent test, so that specimen responses to an excitation can build up to equal
levels as if excited by the original vibration history.
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6. Review the equivalent test relevant to structural and operational limitations,
such as level sensitivity and range ot linear response, to assure the validity of the
equivalence.

7. Recognize that an equivalent test is a result of both original vibration history
and specimen dynamic structural characteristics.

Thus a test which is equivalent for one type of design is not necessarily or
usually equivalent for another type of design, even though identical original
vibration-excitation histories were assumed.

The change-of-test-type equivalences are summarized in Table 3-4. They have
many similar characteristics. The simpler approaches require only very general
and less realistic assumptions to retain validity. The more complex and com-
plete approaches, such as presented by Gerks, lead to improved accuracy.

Table 3-4. A Summary of Change-of-Test-Type Equivalence Practices

Quantity Author Description

Se Miles Equivalent stresses were found for a linear SDF
oscillator based on equal damage using Miner’s
theory for two types of loading:

1. Monotonically decreasing loads (Eq. (3-31))

2. Peaked (Gaussian) load spectrum (Eq.

(3-32))
Se, Vsrd‘e, Spence Extends Miles’ analysis to find equivalent sine-
3 and dwell or sine-sweep excitation levels for two
Vssj’e, rs’d.e Luhrs types of original loading spectra:
1. Random only.
2. Random plus sine sweep.
The computational sequence is summarized by
Table 3.3.
Se Crede Use Miles’ analysis to find an equivalent stress
and for the casc of beat excitation. See Eqs. (3-48)

Lunney and (3-49).
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Table 34 (Continued)
Quantity Author Description
All major Mains A generalized approach to damage equivalence
parameters using Miner’s theory yields a set of relationships
for all major parameters involved in vibration
scaling. A summary of the expressions is given

in Table 3-4.

Relates sine- | Hall A set of three equivalence pairs created for two
dwell, sine- and cases:
sweep, and Waterman
random exci- 1. Equal amounts of work expended due to
tation damping forces
spectra

1.1. Sine dwell-random (Eq. (3-58))

1.2. Sine sweep—random (Eq. (3-59))

1.3. Sine sweep—sine dwell (Eq. (3-61))

2. Similar to above except uses a plot of actual
specimen amplitude vs time to failure to
find damage functions
2.1. Sine dwell—random (Eq. (3-66))

2.2, Sine sweep—random (Eq. (3-67))
2.3. Sine sweep—sine dwell (Eq. (3-68))
Relates sine- | Gerks A complete set of relationships resulting from

sweep, sine-
dwell, and
random
excitation
spectra

a Mil-s type of analysis and Miner’s theory.
The reduction procedure was illustrated by
Fig. 3-14, and the necessary expressions were
given in Egs. (3-69) through (3-81).

——
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CHAPTER 4
MAGNITUDE EQUIVALENCES

4.1 Preliminary Considerations

The magnitude equivalences constitute the second major category of the
damage-based vibration equivalences. Two types of magnitude equivalence are
discussed: equivalence of stress amplitudes, and equivalence by virtue of like
malfunction. There is yet another category, that of the probability that specimen
elements will collide. Such a computation may be treated as a first-passage
problem [8] and is not covered in this monograph.

A common shortcoming of both the malfunction and cumulative-damage
equivalences is that they were often without concern for the influence of mount-
ing intertace impedance. They are not totally independent of driving-force
coupling because some of these equivalence techniques are predicated on the use
of specimen response data. The interface impedance problem is discussed in
Chapter 5.

Several of the magnitude equivalences were developed to establish a com-
mon reference between the effects caused by sinusoidal and random vibration
spectra, They appeared at a time when random vibration concepts were first
being introduced. At that time many engineers wanted a simple sinusoid-
random equivalence correlation so they could apply sinusoidal testing experi-
ence to the “new” random vibration environment.

Work was also undertaken to find an equivalence between narrowband swept
random and wideband random testing. The need for such an equivalence had a
practical basisin that the swept random spectrum would demand less drive power
than the wideband excitation. The reduced power requirement for the narrow-
band swept random test was achieved by not simultaneously exciting the entire
wideband spectrum; however, the actual test time was increased as a result of this
test approach.

The magnitude equivalences were rormed with the intent of using parameters
which were less illusive to the intuitive designer than the parameters required for
the cumulative-damage equivalences. Under limited circumstances the magnitude
equivalences have proven valuable from the standpoint of providing insight into
specimen responses to various types of excitation. Unfortunately, the attempts
to achieve correlation based on specimen performance degradation, or malfunc-
tion, did not yield valid equivalence techniques,

The majority of the magnitude equivalences are limited to a unity time scaling
between various types of vibratory excitation. Some of the equal-motion equiva-
lences provide a method for changing the time scale, so that they could be used
for the purpose of deriving an accelerated test,

73
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4.2 Stress Equivalences

The equal-stress equivalences were developed mostly from inathematical re-
lationships used to describe Gaussian processes and the classical SDF linear
oscillator. An equality was assumed to exist between various vibration experi-
ences when each of these experiences would produce like sets of stress amplitudes
and a like number of occurrences at each stress amplitude. It was further assumed
that a defined relationship existed between a specimen’s response amplitude and
the stress resulting from the response amplitude.

One basis for correlation involved equating the rms response between different
types of vibration excitation. Another basis of correlation was to equate the dis-
tribution of response acceleration peaks above some level or at a known level
which would cause failure or malfunction. The equal rms response and equal
distribution of peaks theories were used to form the following substitutions:

1. Sinusoidal dwells of a single frequency or several discrete frequencies for
random excitation.

2. Sinusoidal sweep testing for random excitation.

3. Swept narrowband random for wideband random excitation.

Recognition of the importance of factors such as resonant amplification Q and
natural frequency f, was provided by the stress-amplitude equivalence tech-
niques. In certain cases, the stress equivalence eventually related to the concept
of specimen damage. As shown by Patrick [71], this eventual relationship to
damage was expected because the concept of damage is explicit in time, and both
the time-to-failure predictions and time-scaling techniques are important facets of
cquivalence technology.

As in the application of the other equivalence techniques, it is advisable to
apply the stressequivalence relationships with caution. If the fundamental as-
sumptions and shortcomings are understood for each technique, these equiva-
lences may be used as additional design or diagnostic aids.

The stress equivalences are divided into the categories of equal rms response,
equal distribution of peaks, and swept random.

Equal RMS Response

Certain measurements are made and used to characterize a random vibration
excitation or response spectrum, Either instantaneous or peak values of accelera-
tion may be observed or recorded; however, the vibration spectrum is conven-
tionally defined by a plot of power spectral density, W[V], vs frequency. A true
rms meter is frequently used to determine the rms acceleration value ¥, When
the rms acceleration level is assumed to be constant over a narrow frequency
band A/, the power spectral density (PSD) in g2/Hz is simply

7 \2
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where Afis the bandwidth of the filter or meter used to measure ¥, and V is
frequency dependent.

When vibration test data are narrowband, a condition which may result from
the filtering caused by a local structural resonance, it is convenient to deal with
peak measurements. The acceleration peaks are considered to be Rayleigh
distributed in the majority of the following equivalences; however, they are in
theory Rayleigh distributed only in the limit as the response bandwidth tends
toward zero. This simplifying assumption is usually valid because the filter band-
width used in performing a spectral analysis is usually very small compared with
the center frequency of the analyzed 0.7+

bandwidth. Broadband signal ac- Z o6
celeration peaks are assumed to be 7 RAYLEIGH
Gaussian distributed. W 059 nNoRMAL

A comparison of the normal or r 0.4
Gaussian distribution in the Rayleigh J 03+
distribution is shown in Fig. 4-1. §o'2
Although in many instances the e OJ
assumptions of a normal distribu- a =
tion and applicability of the Rayleigh 0 T T3 3
distribution are good representations RATIO OF INSTANTANEOUS TO
of actual data, this is not always RMS ACCELERATION, V, /¥,
true. Asnoted by Mustain [72] and OR STANDARD DEVIATION, o.
others, actual field data will some- Fig. 4-1. A comparison of normal and
times yield varying bandwidths, Rayleigh distributions,

Thus the peak distributions will
deviate from the Rayleigh distribution, particularly as structural nonlinearities be-
come effective.

For the general case where a random input acceleration level is known to vary
with frequency,

[V, (response)] 2 = 5'; f mW[V(w)] IH(w)*dw, (4-2)
0

where H(w) defines the ratio of response acceleration to input acceleration as a

function of fre;yuency.
The rms response of an SDF linear oscillator to a white random input signal

was given by Spence [73] as
_ n 0.5
V, (response) = 3 w(V] f,,Q) , 4:3)

where the resonant amplification or quality factor Q was classically [74] repre-
sented as

o
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Q= ,‘8 = j,’;'- \ (4-4)

with & representing the vatlo ol actual damping to eritical damping and B the

hall-power bandwilth,
u tinear svatem has several distinet and well separated resonances, the over.
all vesponse to n white random input is

" 0

VW g Qi

Py (response) = > --I»-L-I-—-!ﬁ'«(«( . (4-5)
L—'d

b

-

3

i1

whete the usswmuption of white vandon input need be valid only in the vicinity
ol each natral resonange.

The response of a linear oscillator to a sinusoldal input excitation at resos
nnee is

Peg (response) = V@ (4-6)

where Py s the s input aceeleration,

The equivalent sinusoidal rms juput acceleration which will represent the
random excitation on an equal rms response basis is found by equating the rms
responses described by Eq, (4-3) and (4o ):

0.5
, JaWIVIVT .
Vg = (g _'LQL..!> = l'xﬁl , (4-7)

LY . N . . . . . ,
where Ul is the sinusoidal rms input excitation equivalent of the random input
excitaion, and £, Q0 is the bundwidth 8,

The peak siusondal aceeleration tevel is usually [71,75.78] taken as
o ~ N ,
'.\(I.(' - ‘H.\'d : (4-8)
. X - . . . . .
witere 1, s the peak simusoidal input equivalent ot the random input aceelera.
tion, The factor 3 used in Ky, (4:8) comes from stochastic theory and is a con
ventionally used boundary between frequent and infrequent occurcences i a

Gaussian distribution, l’:‘, nay be mathenwtically related to one stundard
deviation u by

o= b (4:9)

which wus plotted vs probability of oceurrence in Fig, 4.2,
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When a specimen has scveral response frequencies, each is considered on an
individual basis. An equivalent test would involve a sinusoidal dwell at each
response frequency of interest.

An equal rms response equivalence described by Trotter [75] provides a
sinusoidal input at each resonance frequency such that the rms response at each
resonance is equated to the overall rms response,

m 0.5
i 1
[Vsrd.e]k = é; Z‘g‘fm'W[Vi]Qi , (4-10)
i=1

where the subscript & 1efers to the conditions associated with the kth sinusoidal
response. This approach tends to yield lower values of a computed sinusoidal
equivalent excitation than the values
computed by use of Eq. (4-7). The
lower values result from the use of
the overall W[V] rather than the
W[V at each specitic resonance. This
approach would tend to average the
sinusoidal equivalent excitation levels,
Thus when a specimen has one reso-
nance which is dominant over other
resonances, the lowei resonances would
be somewhat overtested, and the domi-
nant resonance would be significantly
undertested,  For these reasons the
results obtained by the application of
Eq. (4-10) would yicld a less satis-
factory basis for equivalence than the
results obtained by the use of Eq.
(47). In general, u single-frequency  Fig, 4-2. Probability of exceeding certain
sinusoidal dwell equivalence of a ran- levels in normal and Rayleigh distributions,
dom spectrum can be derived only for

the immediate region of a resonance. The type of failure may be different at
each resonance; i.e., wear, fatigue, or performance malfunction.

The equal rms response techniques may be used to design an equivalent test
which would consist of a sinusoidal sweep substitute for the random excitation,
Caution is udvised, however, because such attempts may be fraught with prob-
fems [77]. That is, an equivalent sinusoldal sweep would involve the adjustment
of bothexcitation amplitude and sweep rate us a function of excitation frequency.
Morrow and Muchmore [78] concluded that there is no mathematically valid
way of providing a conventional single-trequency sweep that is equivalent to a
continuous spectrum tor all types of {uilures.

99.99
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Equal Distribution of Peaks

A technique for scaling test time between a long-duration, relatively low-
intensity and a short-duration, relatively high-intensity random excitation was
introduced by Curtis {79]. He equated acceleration response pcaks above some
level. Blake and Oleson [80] and Oleson [81] also suggested that test equivalence
exists when there is a similar distribution of response stress peaks at high levels.

The assumptions necessary for the formation of an equal distribution of peaks
equivalence include the following:

1. The resonant transmissibility @ is known or can be assumed.

2. Darnage occurs primarily due to the excitation of resonance. Thus the
analysis is focused on narrow frequency bands, and the results of the analysis are
influenced by the expected resonant characteristics of the specimen.

3. The narrowband vibration probability density function for the distribu-
tion of peaks is a Rayleigh distribution.

4. The specimen’s fragility is knowr. in terms of a maximum input ac-
celeration level which will cause no damage vs frequency.

5. Damage is produced only by acceleration peaks above the fragility-level

input acceleration V.
The distribution of peaks for two narrowband vibration histories of different
ris acceleration level and some center frequency is shown in Fig. 4-3. Equality is
assumed when the rms acceleration of each vibration history is maintained for a
time ratio such that the fragility-level acceleration is exceeded an equal number
of times. That is,

H = Ky, @-11)

where 7 and ¢ represent the time duration of vibration history 1 and vibration
history 2, and K represents the ratio of the shaded areas of the curves in Fig. 4.3,

v RMS LEVEL OF HISTORY |, Vi o
/—RMS LEVEL OF HISTORY 2.V, ,

CURVE |
e FRAGILITY LEVEL
|

ACCELERATION, V,
‘; CURVE 2

‘s /
R //
N .
SO
- s’:’:ﬁhw/,l.{!".
ACCELERATION LEVEL IN ¢'S

ACCELERATION PEAKS

PROBABILITY DENSITY OF

Vig. 43, A comparison of two rarrowband vibrution
historles |79,
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Application of assumption number 3 to compute the number of peaks exceeding
some level V¢ yields

2
{ Ve Wil
K= — =e¢ =1, il ) Wiadirompnnll (P 4.12
n o OF 2V,,1< wiva] @12)

where '17,,1 , the in-band rms acceleration, is (fy W[V,-]/Q)O'S, and W[V] and
W[V3] are evaluated at the natural response frequency of interest. Equation
(4-12) was plotted by Curtis [79] and appears as Fig. 4-4.

1000.0
*L=0.2
roviniy § r—
s 100.0 - 050
x| =
~_ 1.0
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> ln>" 10.0+ 2.0
N
3.0
5.0
— 8.0
o T 1B T 1
1.0 o.l 00!  0.00l 0.000! 0.0000I
»* ] '|
Lavy/ ¥, | Ked

ta

Fig. 4-4. Time vs the ratio of mean square acceleration for several values
of VlVy,1 [79].

Application of the equal distribution of peaks method is accomplished in four

steps.

First, the fragility envelope must be obtained from available test data, or by
assumption based on analyses of similar specimens and perhaps the use of
analytical modeling techniques. Second, the in-band rms acceleration response is
computed,

_ 0.5
Vy, 1 (response) = <% wiv, ]anl) : (4-13)

Third, the value of & is determined from Fig. 4-4, Fourth, the test duration, as-
suming a comparison of like narrowband envelopes, is

te1 = 11 + Ktz (4-14)
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where #, | is the equivalent test duration at level 1 for the combined vibration
histories at levels | and 2.

When several narrowband envelopes exist, such as expected in a complex speci-
men excited by a wideband random signal, Eq. (4-14) is used at each frequency
of interest. As a result, the individual total test times will vary with frequency,
which is a weakness of the method because some average value of time must
eventually be selected to arrive at the narrowband excitation approximation of
the broadband excitation.

Swept Random

Booth [82] and Broch [83] extended the equal distribution of peaks equiva-
lence techniques to the problem of substituting an intense swept narrowband
random signal for a wideband random signal. The major advantage of a swept
narrowband random equivalent test is that a vibration exciter of smaller force
capability will suffice, whereas a much larger exciter would be required for the
wideband test. Also, swept random testing complements wideband testing in
that resonances are excited sequentially. As a result of sequential excitation, any
frequency band in which specimen failure or malfunction appears is readily iso-
lated, a fact which expedites subsequent failure analysis efforts,

The following characteristics of the wideband excitation must be duplicated
by the swept narrowband signal:

1. The total number of acceleration peaks must remain the same inside
each resonance band.

2. The rms test level must be adjusted to provide the same number of ac-
celeration peaks in any interval of acceleration level,

3. The probability distribution of peaks with respect to the rms test level
must match for both types of test.

The first characteristic is accommodated by use of a logarithmic sweep rate.
The changing sweep rate is necessary because the bandwidth of a resonance,
when using any single value of Q, increases with increasing frequency (recall
Eq. (4-4)). The second characteristic is accommodated if the rms magnitude of
the narrowband excitation is increased as the square root of frequency, i.e.,
3 dB/octave (recall Eq. (4-3)).

To facilitate the implementation of a test which has tolerances on the input
acceleration level, Booth [82] introduced a factor called the acceleration
gradient. The acceleration gradient is simply the instantaneous acceleration
divided by the square root of radial frequenicy,

V.
AG = ==, (4-15)
Vanf

where AG is the acceleration gradient and ¥, is & function of the bandwidth of
the meter used to monitor the input yeceleration, Now, rather than specifying a
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test in terms of a PSD-vs-frequency spectrum, the test would be specified in terms
of a constant acceleration gradient.

A swept random test is shown in Fig. 4-5, and a simplified sweep random test
system is shown in Fig, 4-6. In Fig. 4-6 it is assumed that the meter will read
AG directly, and the AG signal is used to control the sweep random generator.
The random generator in turn controls the power amplifier.

The third characteristic, that of matching the probability distribution of peaks
between the swept random and wideband spectrum, is more difficult. Booth
simplified the problem by constructing a plot of the probability that response
peaks in a Rayleigh distribution will exceed some level ¥’y where X is the ratio

-V
A= =, (4-16)
vy
»
’/
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[Yig. 4-5. A comparison of wideband and swept narrowband
random vibration excitation.
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Fig. 4-6. A basic sweep random test diagram.
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and V; is the magnitude of the ith-leve] peak acceleration. The probability plot
for X is given as Fig. 4-7. Next, it is necessary to determine the accumulated peak
probability distribution for the swept random signal based on the resonance char-
acteristics of the system. This may be accomplished by a numerical integration
procedure [82] or by the use of analog models [83]. The new curve is plotted
to the same scale as Fig. 4-7 using

Ve —r, (4-17)

where the asterisk denotes the actual response conditions. The two plots are
overlaid as shown in Fig. 4-8 to determine suitable vertical- and horizontal-axis
scale factors. The scale factors can be used to determine the desired excitation
level and sweep time for a practical sweep random test by the procedure outlined
in Table 4-1. The horizontal scale factor ¢ is taken as
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Fig, 4-7. Probability that an acceleration peak will have a
magnitude greator than ¥y,
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X‘*
q = )T ’ (4'18)
and the vertical scale factor s as
P[A¥]
s = ——. (4-19)
P[]

A possible drawback of the swept random equivalent testing technique is that
a relatively long test time is required to achkieve the same damage-producing
capability as the original wideband test [84].

The test time may be shortened by the following techniques, also suggested
by Booth:

1. Use several signal generators, each of which would simultaneously sweep
portions of the total frequency spectrum.

x x*

Fig. 4-8. An overlay of theoretical (test-generated) and predicted
{actual) peak response probability curves,
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Table 4-1. Procedure for Computing a Narrowband Swept-Random Equivalent
of a Wideband Random Excitation

Step

Approach

1. Define the initial wideband
input spectrum

. Parameters required are frequency range,

total test time, and ¥, , where

Vo={Wvi(a - @

2. Determine the equivalent
rms sweep acceleration
level

Plot peak probability distributions and
overlay as in Fig. 4-8. Find the scale
factor g of the horizontal axis positions.
Then

~ i 0.5
V,,e=q<5§mV]fn> @-7)

defines the equivalent rms acceleration
level. Use f from Fig. 41-5 to compute
the maximum value of V, ..

3. Compute the acceleration
gradient AG for test
control purposes

Combine Egs. (4-7) and (4-15):
Z
\Vanf

= ¢,/

AG =

4. Compute test duration T

. Determine vertical-axis scale factor s from

overlay plot of Step 2. Then

t = s0t,ln <Q> , (4-20)
fi

where ¢ty = original wideband test time.

5. Define final swept
narrowband random test
parameters

5.1

5.2

5.3

Use the following steps:

Compute V}, , by Step 2 at the highest
frequency f7, and apply at 3 dB/octave
rolloff as shown in Fig, 4-5

The constant AG for the test as deter-
mined by Step 3

The total test time as found by Step 4
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2. Provide automatic level regulation to compress some of the higher peaks
in the narrowband excitation signal. The result is an increase in the number of
peaks per unit time without an increase in test level. A new acceleration peak
distribution plot is necessary to describe each change in peak compression. By
using the new set of peak distribution plots tc form a family of overlays, as in
Fig. 4-8, new scale factors g and s are found and used to change the test time as
computed per Table 4-1.

Broch [83] expanded the change of test time procedure by defining a term §:

Compressor speed in dB/sec
Bandwidth in Hz

, (4-21)

where the faster compressor speeds mean more peak compression. The band-
width refers to the bandwidth of the sweeping narrowband signal. The effect of
B on a peak-acceleration distribution curve is shown in Fig. 4-9. Broch also
plotted a summary of many matches of peak-acceleration probability-density
curves to the Rayleigh curve. Broch’s plot is given as Fig. 4-10. He does not
recommend values of f in excess of 300 because the higher compressor speeds
will cause waveform distortions at the lower frequencies and yield unsatisfactory
acceleration-amplitude probability distributions,

4.3 Malfunction-Based Equivalences

The assumed basis for the formulation of the malfunction equivalences was
that each type of vibration would produce correlative amounts of specimen per-
formance degradation. In each case a general equivalence was sought without
consideration of the construction details of the specimen. The concept involved
was that complex devices, unlike simple mechanical structures, suffer performance
changes at vibration test levels which are lower than vibration levels that lead to
structural or catastrophic failure. The term vibration fragility was expanded to
include the threshold excitation conditions which produce specimen malfunc-
tion. Specimen malfunction was considered to be a reversible process wherein
specimen operation exceeds performance tolerances during foad application, and
the specimen would return to a condition of satisfactory operation after the
loading was removed. It follows from the definition of malfunction that equip-
ment fragility was not considered to be time dependent, but was somehow re-
lated only to acceleration level.

The malfunction-based equivalences were investigated in an early and unsuc-
cessful attempt to equate the sinusoidal and random vibration environments. A
brief review of these attempts to form a malfunction equivalence will illustrate
the logical fallacies involved and as such will be useful in identifying and avoiding
these fallacies in future work.

Foster [85] investigated the feasibility of forming a malfunction equivalence
between the random and sinuisoidal excitation of complex electronic equipment.
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Fig. 4-9. Probability that an acceleration peak will have a magni-
tude greater than ¥V, using data from [80].

He selected a military-quality state-of-the-art (in 1961) transmitter-receiver and
a commercial aircraft horizon-indicator instrument as test specimens. His testing
program involved the excitation of the specimens by a random spectrum of con-
stant spectrai density in the 20- to 2000-Hz bandwidth, and a very slow sinusoidal
sweep at constant peak g level in the same frequency interval.

The specimens were tested at random PSD levels, stepwise, from 0,001 to
0.010 g2/Hz; and at sinusoidal levels from = 0.25 to + 1.50 g. The specimens
were hard mounted to the electrodynamic exciter and tested in three mutually
perpendicular axes. Electrical degradation of specimen output signals was the
criterion for correlation.

Foster concluded that no constant quantity could be found to relate elec-
trical degradation between sinusoidal and random excitation. However, he did
make two observations:
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Fig, 4-10, Time-level exchange curve for the selection of level factors ¢ and
time factors s [83], The accuracy of the match between the new peak distribu-
tion and the Raylcigh curve in the 20 to 3o region is noted in decibels by cach
plotted point,

1. Low levels of sinusoidal excitation produced higher levels of electrical
noise output than did relatively high levels of random input. The electrical
signal distortion was higher as a result of * 0.25-¢ sinusoidal testing than for a
random test level of 0.010 g2/Hz over the 20- to 2000-Hz band.

2. The slope of a set of curves plotted to display specimen performance
signal degradation vs test level tended to vary with excitation frequency and axis
of excitation. Also, when the signal degradation resulted from several simul-
taneous response modes, correlation was not possible because no single sinusoidal
excitation frequency gave a direct indication of signal degradation under random
excitaiion.

Brust [86] performed an investigation similar to that of Foster, However, his
specimens included light bulbs, an airspeed indicator, a mechanical chopper, and
a motor-driven resolver. He concluded that sine-random equivalence does not
exist on a malfunction basis. His results show that sinusoidal tcsting can yield
false indications of the severity of the random environment when the multimode
responses, such as caused by random excitation, are considered.

Curtis and Abstein [87] also conducted an investigation to establish a cor-
relation between the effects of random and sinusoidal excitation, They used as
specimens the electronic packages frori a GAR-4 Falcon missile. The functional
performance of three nominally identical units was found to vary considerably
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under random excitation. In one case catastrophic failures occurred prior to
functional failures. There were distinct differences in the nature of specimen mal-
function between each type of vibration excitation. Curtis and Abstein con-
cluded:

1. In certain cases, no correlation exists.

2. If a correlation exists for complex systems, it will be so complicated that both
types of testing are required anyhow, which negates the need for the correlation.

3. It is possible that correlation may exist for a very simple type of mal-
function such as wiper-arm chatter in a servopositioner.

The work on malfunction equivalences was conducted in the early 1960’s and
due to a lack of encouraging results, has not been seriously considered in recent

years.

4.4 Use of Magnitude Equivalences

The magnitude equivalences are a valuable addition to the cumulative-fatigue
and mechanical-impedance equivalences. A common characteristic of the magni-
tude equivalences is that they ignore the mounting impedance problem. This
characteristic is unfortunate in an absolute sense, but it is not a limitation once a
specific test has been described. It causes no restriction when comparing two
different tests on one specirmen, both of which involve mounting fixtures of great
stiffness or of equal mechanical impedance.

Some caution is advised in the application of the magnitude equivalences.
First, using the PSD-vs-frequency plot only to describe a random environment
does not give any information about the distribution of acceleration peaks. Thus
a non-Gaussian process would be poorly represented on an equal rms response
basis if the envelope of peak amplitudes were not considered. Second, it was
noted by Warren (88] that, although the response of a system to a sinusoidal
signal is proportional to Q (Eq. (4-6)) and the response to a random signal is pro-
portional to Q0% (Eq. (4-5)), actual flight records show that response varies as
Q", where 0.7 < n < 0.8. Thirg, no history of vibration effects was included,
i.e., cumulative damage, which would be of significance if long test periods were
anticipated. Fourth, unless there is a very detailed knowledge of the specimen’s
response characteristics, it is probably inadvisable to attempt to use a sinusoidal
single-frequency signal to duplicate an overall performance degradation due to a
wideband excitation. We need to know how specimen performance relates to
cach response and how these individual performance degradations combine.
Fifth, the magnitude equivalences tend to ignore specimen damping character-
istics. Thus when a specimen is heavily damped significant errors are possible.

Foster [85] plotted signal degradation vs input acceleration level for various
types of input spectra. Although his results provided a nonlinear relationship
between performance and input excitation level, curves of this nature could be
obtained experimentally and used for performance comparisons between differ-
ent types of tests,

]
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CHAPTER 5
INTERACTION EQUIVALENCES

5.1 Preliminarv Considerations

The interaction equivalences represent a most important area of vibration
equivalence, an area which must be considered regardless of the type of damage-
based equivalence technique which may be selected and applied to any specific
situation. The interaction equivalences may be described more accurately as
techniques which are used to improve test realism rather than true equivalences.

The interaction equivalences were divided into two areas for discussion
purposes, although neither area is separable from the other. The two areas in-
clude the consideration of complex-motion and mechanical-impedance concepts,

Complex-motion equivalence means that proper allowance and recognition is
given the entire situation within which a specimen has been operated or will be
expected to operate under field and laboratory conditions. Complex-motion
equivalences become of increasing importance as the size and complexity of a
specimen, its mounting situation, excitation force spectra, and force location
patterns become more complex.

As an example of moderately complex specimens, consider a shelf of elec-
tronic equipment which may be mounted in any one of several aircraft. Each
carrier aircraft is powered by different engines located at somewhat different lo-
cations on an airframe of a different structural design. In addition, each aircraft
would be expected to vary in airspeed, maneuverability, and general usage, re-
sulting in a variance in the aerodynamically induced force systems which act on
each airframe. The shelf of electronic equipment, which is attached, for
example, to each airframe by four common attachment points, will receive a very
different vibration experience in each aircraft. This vibration experience will dif-
fer in that each attachment point on any one ajrcraft will be excited differently
ir phase and amplitude from the other attachment points, Further, the nature
of attachment-point motion is a function of the interaction of dynamic proper-
ties of the local airframe structure and the shelf. The final motion of the shelf of
clectronic equipment will result from an excitation-level and frequency-dependent
force balance at the attachment points, This relative relationship of attachment-
point motions will be different for each aircraft because the shelf and various air-
frames will not interact in an identical manner.

A true equivalence technique would be one which could be used to compare
directly the vibratory expericnce of our example shelf of electronic equipment
between aircraft, Further, this true equivalence technique could be used to de-
sign a laboratory simulation of the flight environment with such accuracy as to

89
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reproduce the complex motion expected in each flight situation. This idealistic
goal may be approached for a very simple specimen and environment, such as
for a capacitor mounted to the frame of a constant-speed stationary motor. There
is serious question, however, whether it is either technically feasible or eco-
nomically desirable to achieve an absolute equivalence for the more complex
specimen and the more complex mounting situations.

The failure of many vibration testing practices and specifications to accom-
modate the interaction of the tested specimen with the supporting structure, as
may be experienced in actual service, can lead to the generation of test results of
little value.

One particular weakness of current vibration test practices is the usual require-
ment that a very stiff test fixture be used to support the tested specimen. As
noted by On [89] and Pulgrano [90], the use of a very stiff test fixture can
cause great changes in the dynamic response of a specimen. When the specimen
is secured to a stiff fixture, the fixture itself will tend to stiffen the specimen
and change its vibratory response characteristics, and the stiff fixture is not sig-
nificantly affected by the dynamic characteristics of a specimen which is
mounted on it.

When the specimen is very stiff and its weight is small relative to its supporting
structure, the presence or absence of the specimen may not have a significant
effect on the vibratory response characteristics of the supporting structure. In
these few cases present test practices are probably satisfactory [91].

The test vibration input is usually specified by an envelops of peak sinusoidal
acceleration plotted against frequency, or by a PSD-vs-frequency plot for random
vibration. The specified test envelope may encompass many sets of data taken by
monitoring accelerometers placed at the specimen mounting points during actual
service. In this case the test vibration input envelope represents motion resulting
frominteraction of the specimen and its supporting structure when they are acted
upon by a system of dynamic forces. The test specification usually causes the
specimen to be mounted to a very stiff fixture which results in a different inter-
action between the supporting structure and the specimen. Applying sufficient
power so that an accelerometer mounted on the fixture will indicate the required
test excitation may result in more energy forced into the specimen at its response
frequencies than it would experience in service. This approach often leads to
overdesign and unnecessary expense in modifying equipment that fails the
overly severe test.

The objective of mechanical-impedance equivalence is to duplicate the dy-
namic structural behavior of a tested specimen when its supporting structure is
replaced by a test fixture. The purpose of equivalence is to cause equal damage
(wearout or performance malfunction) between normal field use and laboratory
dynamic environments. Unfortunately the damage processes are poorly under-
stood. As a result the structural dynamic characteristics of a specimen’s mount-
ing structure must be very accurately reproduced in the test laboratory to assure
equal damage.
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Several techniques have been suggested to improve vibration testing practices
by accounting for the interaction between a specimen and its supporting struc-
ture. The techniques covered in this chapter include the mechanical-impedance
methods of response limiting, input power control, input force control, and
vibroacoustic testing.

The primary objective of this chapter is to discuss variables associated with
mechanical-impedance equivalence and to review the work of engineers who have
attempted to find suitable mechanical-impedance-equivalence testing tech-
niques. No specific method is outstanding or generally accepted. Each should be
understood so that the best method may be selected and applied for specific
requirements.

5.2 Impedance Equivalences

Several methods have been proposed to reduce discrepancies in the laboratory
simulation of field vibration. They involve the alteration of conventional labora-
tory testing practices to achieve results which more closely duplicate actual
service. Approaches covered in this section include respouse control, input
power control, input fotce control, and vibroacoustic testing.

Prior to a discussion of various approaches to mechanical-impedance equiva-
lence, it may be necessary to review the basic terminology and concepts of
mechanical impedance. A review of terminology and concepts adequate for use
of this monograph is given in the next section.

Fundamental Concepts

As pointed out by Salter [92], the consideration of motion without the con-
sideration of the originating force may not adequately describe the input or
response of a specimen to a vibratory excitation. To do so would be like
attempting to understand the performance of an electrical circuit by looking
only at voltage and ignoring impedance and current flow.

Mechanical impedance is defined as the ratio of the driving force acting on a
specimen to the resulting specimen velocity. If the velocity is measured at the
same point i where the force is applied, the ratio is called the driving-point
impedance:

7= =L, (5-1)

where
Z; = mechanical driving-point impedance
F; = the applied force
Yi = the velocity at the point of force application,

The terms in Eq. (5-1) are complex numbers.
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Mechanical-impedance measurements may be obtained by computing the
ratio of the force at a point i to the velocity at some other point j on the
specimen,

F

Z; = =L, (5-2)
173

where Z;; is called the mechanical transfer impedance.

It is frequently more convenient, especially when deriving an electrical circuit
analog of a mechanical system, to work with the inverse of mechanical impedance.
The inverse is called mobility and may be either a driving-point mobility or
transfer mobility,

= _ Ji
M; = — , 5-3
i =5 (5-3)
where M; is the mechanical driving-point mobility. Although mechanical imped-
ance and mobility are defined on a velocity basis, the impedance concept is
sometimes extended to include acceleration and displacement responses.
When the ratio of driving force to displacement is used, the result is

F;

D = —,
Vi

(5-4)
where D; is the dynamic modulus at point 7, and y; is the displacement, The
reciprocal of the dynamic modulus is called the receptance R;. The ratio of the
driving force to the acceleration is sometimes called the apparent weight,

W; = L , (5-5)
i

where W; is the apparent weight and J; is the acceleration of the specimen taken

at location i,

Idealized mechanical system elements with lumped constants may be as-
sembled to form physical systems. These basic elements include the mass, spring,
and damper, as shown in Table 5-1. They may be used as building blocks just as
resistors, capacitors, and inductors are used in electrical circuits. Consider the
simple mechanical system shown in Fig. 5-1a. Its corresponding mobility dia-
gram is shown in Fig. 5-1b. The three elements of the mobility di.,ram are in
parallel, so we have

Z;

Z (spring) + Z (damper) + Z (mass)

1]

c+j(wM—£—), (5-6)
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Table 5-1. Idealized Mechanical Elements

Element Symbol Impedance* | Mobility* | Force
Mass ‘M—J—O 2 = juM M=;:iﬁ F =My
K _ .
Massless Spring O—"A~O Z = /% M= /7? F =Ky
L
Damper O——-'——-O Z=c ﬁ?=:l- F=cp
% =0
Fi Fi
{
M

L I

S S

(a) The lumped system (b) Mobility diagram

Tig. 5-1. A simple mechanical system.

where j =+4/-1. Also, in terms of mobility,

1 ] 1 1

—_—= e 4 = + =

M; M (spring) M (damper) M (mass)

N c - j<wM - —£—>

M; = . (5-7)

i 2
2+ (wM— 5—)
: w
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Mechanical impedance is a frequency-dependent complex number. It is ex-
pressed as the sum of real and imaginary components or as a magnitude |Z| and
an angle 0:

Z =Re(Z) + Im(G2) = |Zl exp (jO) , (5-8)
where
21 = {[Re @] + [Im(@)]*}" (5.9)
and
6 = tan-l —-——-'l;:((?) . (5-10)

It is sometimes convenient to plot impedance magnitude vs frequency and
phase angle vs frequency. Such a plot illustrates that the impedance of a damper
is a constant at all frequencies, the impedance of a mass has a slope of +1 and
crosses the f= 1 line at Z = 2nM, and the impedance of a spring has a slope of -1
and crosses the f= 1 line at Z = K/,

An impedance plot for the simple example of Fig. 5-1 is shown as Fig. 5-2.
The impedances of the ideal mechanical elements are simple straight lines because
they are either real or imaginary. By inspection of Fig. 5-2 we see at low fre-
quencies that the system impedance approaches spring impedance and the system
is called stiffness controlled; at high frequencies thesystem impedance approaches
mass impedance and the system is called mass controlled.
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Fig, 5-2. A mechanical impedance plot



P o

INTERACTION EQUIVALENCES 95

Mechanical-impedance measurements may be taken on actual specimens by
several methods. In the most common a variable-frequency force generator is
used to excite a specimen, and corresponding velocity measurements are taken
at the point of force application (for driving-point impedances) or at a remote
position (transfer-point impedance). Because most real specimens are not as
simple as our three-element example, typical mechanical-impedance plots are
usually more complex, as illustrated by Fig. 5-3. In Fig. 5-3 points a, ¢, and e
represent significant resonances, and points b, d, and f are “antiresonance”
points.
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Fig. 5-3, A typical point-impedance plot,

An antiresonance frequency is a frequency at which the impedance magnitude
reaches a maximum value. The antiresonant situation is easily visualized by con-
sidering a simple series spring-mass system. The maximum mechanical-
impedance frequency or antiresonant frequency of the simple spring-mass system
is the frequency where the spring-mass system acts as a classical dynamic vibra-
tion absorber [74].

For a more detailed review of the fundamentals of mechanical impedance the
reader may consult [49,92,93].

An Example

Before discussing laboratory techniques which have been used to achieve im-
pedance equivalence. we shall consider an example of how current testing prac-
tices can cause a lack of similarity between laboratory and field failures. The lack
of test cquivalence which can occur was clearly pointed out by Blake [94],
Salter [95], Vigness [96], and others such as Pulgrano {90}, Silver [97], and
Painter [98]. Each of these authors concluded that specimens in general are
severely overtested at the frequencies most damaging to them by the practice of
enveloping field data and forcing that envelope to appear at specimen mounting
points.
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Figure 5-4a shows a piece of equipment mounted to a supporting structure
which is excited by a sinusoidal force. A two-degree-of-freedom model of the
system is given in Fig. 4-5b where the equipment mass is coupled by a paralle’
spring and damper to the mass of the supporting structure. For some set of sys-
tem parameter values the response of the system to a sinusoidal sweep excitation
may be as shown in Fig. 5-5. Assume that someone has measured the support
response (V5) of many similar mechanical systems which have different values of
mass, stiffness, and damping. The result of these measurements, when plotted
against frequency, might appear as in Fig. 5-6. An envelope curve, as shown,
could be found which encloses say 95% of the data points. This envelope curve,
in turn, is applied as a vibration specification on fixture motion for the equip-

ment.
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(a) The system (b) Mcchanical model

Fig. 54, An example system.
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Fig. 5-5. Response of the example system (Fig, 54) to a
sinusoidal sweep,
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The result of testing the equipment portion of the system to the envelope
curve is shown in Fig. 5-7. In this simplified example it can be seen that the re-
sponse of the equipment (¥,) to the specified laboratory test as defined by the
envelope of Fig. 5-6 is very different from the original situation where the
equipment response was allowed to be modified by the structure. Point a of
Fig. 5-7 is an antiresonant frequency of the supporting structure (note that posi-
tive peaks in Fig. 5-3 were called antiresonant peaks when plotting impedance
against frequency) which resulted from the interaction of the equipment and the
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Iig, 5-6, A plot of example field data.
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Fig. 5-7. A comparison of the example system response to a test
envelope and normal response,
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structure. The imposed test envelope disallows the occurrence of the structural
antiresonance, thereby causing more energy to be forced into the equipment at its
resonance frequency than the energy which would be available in actual service.

Response Control

Response control techniques improve the simulation of mounting impedance
by controlling the laboratory test using specimen responses rather than specimen
input excitations.

A simple technique described by Curtis and Herrera [99] consists of ““notch-
ing” the input spectrum. To “notch™ the input spectrum means to reduce the
test input acceleration levels in selected frequency bands. The notched frequency
bands are those where specimen responses might exceed the levels which would
be reasonably expected if the specimen were mounted to its normal supporting
structure. The notched bands correspond to antiresonances and refleci the in-
ability of the in-service supporting structure to drive the specimen. This ap-
proach has an inherert problem in that the environmental engineer must find the
location of the critical specimen responses and select correspondingly appropriate
response levels.

Another response control technique was suggested by Vet [100]. It involves
the use of a suitable envelope of the ratio of test item response to test input vibra-
tion le.el. In his study Vet constructed a multi-degree-of-freedom analog com-
puter model using frequencies, damping, weights, and stiffnesses comparable to
the values expected in the case of an item of electronic equipment attached to a
missile or aircraft structure. He was unable to find any combination of param-
eters which yielded resonant amplifications exceeding 1.5:1. The ratio of
1,5:1 was also suggested by Salter [101] to describe a suitable response envelope.

The latter approach suggests that a vibration test may be determined which
recognizes mechanical impedance by limiting the input excitation amplitude
(i.e., test fixture responses) so that critical specimen responses will not exceed
some “‘amplification factor” times the originally specified input test amplitude.
That is,

Vinput = [4F] Vipec (5-11)

where
Vinput = the actual test level input to the specimen as a function of frequency
AF = an analytically or experimentally determined amplification factor,
which may be frequency dependent
Vspec = the specification input test level as a function of frequency.

An illustration of the effect of vibration test response limiting is provided by
considering the example system described in the previous section. Figure 5-7
may be replotted under the condition that the input acceleration will be
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controlied to yield equipment responses not to exceed 1.5 times the specification
input acceleration level. The resultant plot is given as Fig. 5-8.
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Fig. 5-8, The effect of response-limit testing of the example system
(compare with Fig. 5-7).

In addition to the problem of specimen response level and location selection,
test repeatability may suffer because minor assembly, structural, or design dif-
ferences may change the specimen’s dynamic characteristics at the immediate
mounting of the response-monitoring accelerometer. The drawbacks to response
limiting greatly limit its usefulness as a general purpose test procedure.

A change of emphasis is needed in those cases where response limiting tech-
niques are applicable. Field test data should be taken to define equipment re-
sponses, rather than trying to determine an envelope of suitable input test levels.

Input Power Control

Input-power-control mechanical-impedance equivalence techniques involve
the control of input power to the vibration exciter. This approach may be used
directly or in combination with the response-limiting techniques described in the
previoussection. It is based on the idea that an actual service vibration source has
a limited ;o0 of wneyay available with which to excite a mechanical system,

A eocotest sveenan usually consists of a number of levels, or orders, of
structu, e A fevel op order, of a mechanical system is that portion of a system
whicli can be identified as a single region in an overall model of the system. For
example. acrod namic turbulence excites the skin of a missile (first level), which
drives the internal structure of the missile (second level), which carries an equip-
ment mounting bracket (third level), to which is attached the case of an instru-
ment (fourth level), which supports a module chassis (fifth level), and the module
chassis is the mounting for a small component part (sixth level),
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Available excitation energy originates primarily from external stimuli and not
from dynamic properties of the mechanical system. The addition or removal of
relatively small equipment or components on secondary or higher order system
elements will not affect the availability of energy. Due to the limited amount of
excitation energy available, the response of any level of structure s a function of
the response of both higher and lower orders of structure. That is, when one
order of structure exhibits an antiresonance, the next lower level will experience
small responses. When the higher order structure exhibits a resonance, the lower
level will not be as constrained and will experience larger responses. The same
effect is attempted in the laboratory by the technique of input power control.

Input power control is achieved experimentally by mounting a “dead mass”
on the laboratory vibration test fixture and plotting the exciter input power as a
function of frequency when the fixture is driven to some specified acceleration
level. A dead mass has the same weight (mass) as the test specimen; however,
it does not have significant resonant or antiresonant responses in the range of test
frequencies. The final test consists of vibrating the test specimen using the ex-
perimentally derived power-vs-frequency curve to control the excitation source.

Figure 5-9a shows the exciter armature power required to cause the vibration
test fixture, when loaded by a dead mass, to respond to a specification input
acceleration level. Figure 5-9b shows how the exciter input power requirements
increase at specimen resonance if the vibration test fixture, when carrying the
specimen instead of the dead mass, is forced to respond to the same specification
input acceleration level, Figure 5-9c shows the response of the same hypotheticul
specimen when the input power is controlled. Note that the vibration-fixture
acceleration level drops realistically at the specimen resonance, and the equip-
ment response is also lower at resonance.

One problem with input power control testing is that the specimen will be over-
tested at frequencies where it exhibits a low mechanical impedance. This tendency
can be partially eliminated by controlling input acceleration levels at the fixture in
addition to controlling input power to the exciter. The input acceleration level at
the fixture would he limited to the specification level at those frequencies where
there is a tendency to overtest. The effect of dual controlis illustrated by Fig. 5-10.

Input Force Control

The technique of achieving a mechanical-impedance equivalence by input
force control is similar to the input power control method except that force is
substituted for power. If the force transmitted by the specimen’s fleld-supporting
structure were known and if the force transmitted to the specimen by the labora-
tory excitation source could be measured, it would be a simple matter to control
the excitation source to provide a laboratory test where the dynamic loads
closely approximated those applied in the field environment.

The techniques of force control testing have been investigated by Painter
[98], Otts [102], Salter [101], Murfin [104], Belsheim and Harris [105], and
Ballard et al. [106], among uthers.
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Painter suggested that both force and acceleration data be gathered in the

fleld and used for the control of laboratory tests,

The laboratory excitation

source should not be allowed to exceed either the acceleration or force-field enve-
lopes. Another approach would employ input force control and also use the test
specitication to determine acceleration response limits for the test fixture, The
result would be a test which is force control limited at specimen resonances and
acceleration limited at other frequencies. Fither of these approaches would be
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SPECIMEN satisfactory when the tested specimen
- RA%%:\O.::!AT\ON SPECIFIED and supporting structure have defined
E ACCELERATION | und relut'ively invariant dynamic prop-
s -~ LEVEL » orties, The measured force envelope
2 2 i3 a function of the combined dynumic
o === |#& properties of the supporting structure
g INPUT \\ = and the cquipment [105), When dy-
ACCELERATION LEVELN a namic properties change, as when an
g \\ o ltem of equipment s used in several
§ different vehicles, the measured force

g ARMATURE POWER cnveolope will also change.
Otts [102] considered the use of an
cffective foundation mass located be-
FREQUENCY IN Hz tween the test specimen and the excita-
Fig, $10, An example of input power and  ton force. The advantages of this ap-
aceeletation control, proach are that the specimen’s response

will influence the response of the foun-

dation, and the response of the system is not affected by the armature characteris-
ties of the vibration exciter. A simple system representation is shown in Fig, §-11.
For his work on a Scuut rocket, Ott used an

e SPECIMEN lnul:rmcdlutc structure to simuluu“ lhc_n‘\uss.

. spring rate, and damping characteristics of the

J- actual specimen supporting structure, Test duta

" o] revealed that at low frequencies, below 1;0 Hz,

- the test was accurate, with nonrepresentative re-

sponses occurring at foundation antiresonances

Wy rounpaTion and frequencies above 200 Hz. The result of

this work illustrates that specimen responses

?"' are influenced by foundation dynamic charag-

Fig, S0, A simpliticd mechanical  teristics which in turn must be accurately repro-
Sy stem, duced to assure u valid test,

Another appreach would be to duplicate
the specimen mounting structure dynamics in the laboratory, using a multimodal
fixture such as reported by Scharton |[107]: however, the development of these
structures can he costly and time consuming,

Another approach using mechanical-dmpedance theory and the usual tield
acceleration data to compute the test input force envelope was suggested by
Murfin [104]. Thisapproach involves three steps:

. Exporimentally determine the specimen’s apparent weight by per-
torming a sinusoidal sweep test in the laboratory and measuring the applied
tarce and the specimen mounting-point acceleration history.

2. Use an envelope of field input acceleration data to compute the test focee:

Fi = Wi (5-12)
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where Wy was determined in Step 1, and p; is the field input vibration envelope,

3. Perform the (inal test using the computed force of Step 2 as u speciimen
input, and lmit the specimen input acceleration to the field acceleration data
envelope.

Murfin'sapprouch negutes the need for a foundation mass in the test; however,
the effects of tield foundation mass will influence the field vibration dota used in
Steps 2 and 3.

Input force control techniques also suffer from drawbacks similur to other
mechanical-impedance techniques. One inherent assumption implicit in measur-
ing or controlling force or acceleration is that the measured (controlled) quantity
is tuken at a single, well-defined point, Unfortunately, most specimens have two
or more mounting points which, if a vory accurate test were required, would
need to be controlled individually yet produce proper magnitude and phase
relationships.

Vibroacoustic Testing

A recent testing technique employs large acoustic chumbers to simulate
acoustic excitation levels on structures or portions of a structure, Vibroucoustic
testing is a test method used to achieve vealism rather than an interaction equivas
lence. However, the objective of vibroacoustie testing is to provide a method of
structural excitation us complex us that which would be experienced in scrvice,
Acoustic excitation of a complete vehicle such as a spacecratt can yield an uc.
curate duplication of mechanical impedances at individual equipment locations,
A listing of current references on the subject ol acoustic testing is provided in
Table 5.2, The term vibroacoustic was used 1o introduce this paagraph because
in various instances the acoustivally tested structure is simultancously excited by
one or more directly coupled sources in addition to the acoustic noise.

In some cuses the use of acoustic facilities was suggested for the purpose of
exciting structures which are normally excited by mechanical means, Scharton
[108] cautions that the inefficiency of acoustic excitation relative to mechanical
excitation warrants serious consideration,
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Table §-2. Acoustic Testing References

ot

Author Reference Date
Arcas 109 1969
Kaplan 10, 111 1969
Elsen 12 1968
Muurer 113 1968
Peverley 114 1968
Scharton und Yang 11§ 1968
Wren, et al, 16 1968
West, et al. 117 1968
Bost 118 1967
Lyon e 1967
Mueller and Edge 120 196S
Putukian 121 1965
Eldred 12 1964
Noiseux 123 1964
McGowan and Frasca 124 1963
Muha(tey and Smith 128 1960
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CHAPTER 6
VIBRATION TESTING APPLICATION

6.1 Preliminary Considerations

It Is not difficult to define a general criteria for a good test, but it is difficult
to implement such a test. A good test will create a failure in those equipment
items which fail in service, with failures in both cases being similar, Conversely,
a good test will not produce a failure of those equipments which survive in serv-
ice. Bused on these criteriu, a good laboratory test must meet several require-
ments.  The task of establishing a test for one equipment used in one appiication
varies significantly from the task of creating & gencral purpose test specification,
Plunkett | 126] suggested that environmental test specitications should be tailored
to specific applications because o stundardized specitication procurement cannot
fulfill all vequirements resulting from the variety of eventualities which arise,
Silver [97] noted that the currently used general purpose environmental specifi-
vations are rarely representative of actual service conditions because arbitrary
levels are utilized to achieve reproducibility and standardization.

From a specification writer's viewpoint there are several important considera-
tions which must be accommodated by a general puipose specification: (a) it is
necessary to spectly vibration requirements in a common form which will allow
comparison among similar designs, (b) it is necessary to have a simple and clearly
worded criteria by which it is possible to define product quality requirements
contructually, (¢) product design criterfa often must be defined betore a service
environment can be defined. (d) the product which successfully meets specitied
criteria must perform under several service conditions when attached to various
structures, und (¢) it is necessary 1o define specification compliance in terms such
that inspectors can determine whether or not o product meets the specificd
conditions,

Harvey [127] pointed out that because of the nature of current general purpose
specifications, in many instances hardware is not designed to meet its service en-
vironment but rather to pass u conservative test established to simulate the envivon-
ment. Unnecessury conservatism in establishing test margins can result in product
redesign und Increased test costs which are out of proportion to the value of the
test,  Othmer [128] observed that not ull failures vesulting from a general test
speciiication are significunt,  Redesign is not warranted untit applicability of the
specification is reviewod, test techniques are investigated, and the specimen is
anulyzed. Many variables must be considered in the establishment of valid test
criterfa, 1t is not a purpose of this monograph to discredit general purpose spee-
ifications,  They are necessary, but they have weaknesses which should be

108
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discussed. Because of these weaknesses, the general purpose vibration specifica-
tions should be reviewed to assure that test levels are not established which will
lead to unnecessary cost or design change.

The technical and procedural aspects of vibration test selection and the per-.
formance of vibration tests have been carefully documented in another mono-
graph of this series by Curtis, Tinling, and Abstein [53]. Duplication of the
material they have presented will be avoided here to the largest extent possible;
however, it will be necessary to discuss the interrelationship of vibration equiva-
lences and test selection,

6.2 Retention of Realism

Vibration testing, a term which is used regularly in this monograph, should
not be interpreted to imply that the vibration equivalences are of concern almost
entirely in the laboratory. A major need and use of vibration equivalence tech-
niques is for the translation of a field environment into design and test require-
ments.

The selection of a proper vibration equivalence is situation dependent, and
many variables must be considered. Not only are technical aspects to be satis-
fied, but also the program or project phase must be considered, and likewise the
objective or reason for forming an equivalence.

There are many correct approaches to defining an environmental situation
which involves vibratory excitation. The nature of the information available and
objectives of the involved environmental engineer usually lead to the selection of
the best approach for each situation. For example, the environmental engineer
who has overall responsibility for a product will be concerned with the control
of design and development activities such that the product will meet certain
performance goals. He should have access to relevant service history information.
In addition, he must define the desired service requirements. His goal is one of
defining a set of design and test specifications which will, when followed by indi-
vidual product design groups, lead to the development of a product (system)
v hich will meet the desired performance requirements.

A product design engineer may be responsible for using a given set of design
and test specifications and designing a product which will meet those specifica-
tions. His view of the overall project may not be comprehensive; however, he is
intimately familiar with the performance characteristics of his type of product.
In some instances he may observe that minor modifications of the environ-
mental test specifications could lead to significant savings in time and cost rela-
tive to the design of his product, and would not necessarily compromise the
intent of the specification. In those cases it is important that he be able to com-
municate the changes and concepts to the originator of the specified require-
ments so that, where possible, the savings may be implemenied.

The product design engineer may be faced with another problem, that of at-
tempting to determine whether an existing product will perform in a satisfactory
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manner when expused to a new set of vibratory conditions. It is important in
this instance that he understands the potential failure mechanisms of his product
so that an appropriate set of equivalence techniques may be selected and applied
to simulate the changed environmental condition.

A test engineer may have access only to the product and a set of specifications,
and may be faced with the task of designing a test fixture and then testing to
meet the technical requirements as delineated in the specifications. If the test
engineer is neither the system environmental engineer nor the product design
engineer, then he has little choice other than to follow the exact word of the 1est
specifications. Such a situation places a large burden on the specifications and
unes not allow the test engineer the freedonr he may need to adjust the specified
test requirements to match the capabilities of his test equipment. In addition,
the critical details associated with test realism, i.e. mounting and fixture design,
may be implemented without an appreciation of the actual service conditions.
As a result of these factors it is important that the system and design engineers,
as applicable, maintain continuous contact with the progress of each product
through all test phases.

6.3 Equivalence Technique Selection

A diagram was prepared to illustrate the interrelationships among the many
events involved in vibration simulation and testing. This diagram, Fig. 6-1, will
be used as a basis for the following discussion of equivalence technique selection
and application., The discussion will be maintained in general terms for the
purpose of prescrving applicability to a wide range of products and environ-
mental situations. Hopefully, the discussion will be sufficiently specific to guide
the reader to the solution of individual problems which involve the application
of equivalence technology.

Each use of vibration equivalences is based on common theory, yet in each
case the objective for forming an equivalence is quite different.

Definition of the Service Environment

In many instances an accurate definition of a service environment is difficult,
primarily because there exist sources of excitation which cannot be either fore-
seen or controlled by the environmental engineer. These excitation sources,
depending upon the specimen under consideration, may include a combination
of sources, such as handling, transportation, acoustic excitation, gunfire, aero-
dynamic buffeting, rotating machinery, propulsion unit motion, or dynamic im-
balance. Regardless of the source of excitation it is necessary to characterize
the service environment in some manner to allow a rational evaluation of the en-
vironment and the probable reaction of specimens exposed to that environment,

The usual measured service data available are motion data; perhaps the mo-
tions of some element of the excitation source, or the motions of some element
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IFig. 6-1, Equivalence technique application,

of the specimen, or both. For practical purposes the source motion is sometimes
taken as the local motion of the structure which supports the specimen. Such
measurements are valuable because they may be categorized by frequency con-
tent as a function of time, and excursion as a function of frequency. Such
measurements may easily lead the unwary to believe that equipment response is
totally defined by motion data. As an illustration, consider the following state-
ment: “The specimen will perform satisfactorily in vehicle Bbecause it performed
satisfactorily in vehicle A, and measured data from vehicle A indicate that the
supporting structure was developing acceleration amplitudes equal or above those
expected in vehicle B.” The rationale may be valid if each of the following three
questions will receive an affirmative answer: Was the specimen’s response inde-
pendent of the local stiffness of vehicle A? Will vehicle A and vehicle B be ex-
pected to respond to service environments in an identical manner at the
mounting location of the specimen? Will vehicle B be subjected to the same
service conditions as vehicle A?
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An affirmative answer to the first question would mean that the specimen is
of sufficient rigidity that it will respond as a unit to any combination of excita-
tions, varying in amplitude and phase, at the attachment points of the specimen
to the supporting structure. Such a situation may be approximated by a very
rigid specimen mounted to a very flexible structure,

The second question could be expanded to inquire: When the same specitien
is mounted in both vehicles, will each vehicular structure respond in an identical
manner at the location of the specimen? Again, the point of the question in-
volves the interaction of the structure of the speciinen with the structure of the
vehicle.

The final question is merely an inquiry as to whether the measured service
data taken from vehicle A are an adequate representation of the vehicle A service
history, and whether the assumed (or projected) model of the anticipated
vchicle B service is accurate. If, as usual, some doubt exists, the environmental
engineer should weigh the probability of service failure due to vibratory excita.
tion against the value of service success. Such a process of evaluation may be
only poorly quantized; however, this is the process used to establish design and
test margins based on judgment, and is a very important facet of vibration simula-
tion and test design.

When defining the service environment it is important to use measured specimen-
response motion data as an indicator of service history. These metion data are
valuable only if the sources of excitation and the mechanical impedance between
the specimen and the excitation sources are defined. Further, the reliability of
such information requires investigation so that a simulation of each facet of
service environment may be duplicated in time and excitation (response) level,

As an aid to visualization, Fig, 6-2 was prepared to illustrate an example of
our hypothetical specimen, which was used in an existing vehicle A and will be
used in a new vehicle B. In both cases the vehicles will be excited by traversing
certain common terrain, source 1, for which recorded data exist for vehicle A.
Also, the effects of another source of excitation common to both vehicles, gun-
fire, is designated as source 2. It is expected that vehicle B will traverse a more
rugged terrain, source 3, and it is necessary to estimate the response of the speci-
men under these circumstances.

The specimen response spectra, 1-A through 3-B, define the resultant motions
of the specimen under each circumstance. In two instances, excitation by source
I and source 2, the prime variable, other than perhaps differences in the duration
of excitation, is the difference in structural design between vehicle A and vehicle
B. In this case the interaction equivalence techniques of Chapter 5 are applied.
The reaction of the specimen to source 3 when mounted into vehicle B, desig-
nated as response spectra 3-B, is a projected service environment based on
knowledge of the specimen’s response on vehicle A and the expected character-
istics of vehicle B.

In this manner the service environment, past and projected, is defined. The
primary contribution of the vibration equivalences is that they discipline us to
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Flg, 6-2, Defining service environments, an example,

define the service environment in terms of the interaction of the specimen with
the immediate environment, as well as to define specimen motion in terms of
level, frequency. and the duration of exposure at each level.

Representative Service Environments

With the service environments gefined, it is possible to combine these environ-
ments to form a representative service environment, This representative service
environment would be used as a basis for product design computations and the
definition of laboratory tests intended to simulate the service enviromment.,

The service environment may be defined as cither representative source excita-
tions or as representative response spectra. In either case the interaction relation-
ships between the forcing elements and the responding clements are of interest
equal to the motion information. The objective of creating a representative serv-
ice environment is to establish a situation where a specimen will be allowed to
react in a manner which will duplicate the important characteristics of specimen
reaction under service-induced excitation,

In most instances the excitation source for a specimen is the response of the
structure supporting the specimen when that structure is subjected to environ-
mental stimuli, The supporting structure will usually amplify the excitation
energy at certain frequencies and attenuate the excitation energy at other fre-
quencies. In addition, for a given specimen and supporting structure contigura-
tion, the duration of exposure at different excitation levels at each response
frequency will provide an additional variable,
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Thus it may be seen that the reduction of several service environments to one
or u few representative environments will require the cication of new excitation
(response) spoctra, scaled in level at selected {requencies, and described by the
duration of exposure at each frequency.

Interpretation of Acceptability Requirements

Acceptability requirements are those standards applied to a given specimen in
terms of acceptable specimen perfc.mance under a given set of service condi-
tions. Acceptability requirements appear in equipment specifications frequently
as specimen operational performance standards during or following the imposi-
tion of a vibration test which was designed to represent the service environment,
Acceptability requirements (recall Fig. 6-1)are defined by the general performance
requirements of the system of which the specimen is an element. These general
performance criteria are restated in terms of the specific functions performed by
the specimen, and appear in the specimen’s test specification.

Aflter the acceptability requirements have been established, the vibration-
equivalence techniques are used to interpret these requirements in terins of
specimen design criteria.  This interpretation involves a reduction procedure
which has as a goal the creation of u composite equivalence profile for the speci-
men. Once a reasonable composite equivalence profile hus been formed, it is
possible to estimate the cffects of various design concepts and variances in the
projected service requirements or testing requirements,

An carly step in the formulation of a composite equivalence profile is to
identity the various critical processes which may lead to a failure of the specimen
to mecet the acceptability requirements. Once these critical processes are identi-
fied and categorized as level sensitive, limited life, or interaction sensitive, they
may be individually modeled by the techniques described in Chapters 3, 4, and §.
The resultant cquivalence profile may become quite complex because different
failure processes may predominate at different frequencies, and the predominant
type of failure process at any one given frequency may change with excitation
fevel. Although the potential for significant complexity may appear to be a deter-
rent to the formulation of a composite equivalence profile, this complexity is
often unwarranted. For example, it is often discovered for a given specimen that
only one or two failure processes are the limiting processes which must be
modeled. Alternatively, it may be discovered that the service vibration spectra
are simple and very similar at the response frequencies of the specimen. Also,a
lightweight, rigid specimen may be involved which is not greatly influenced by
the design of *he exciting mounting structures to which it is mounted. Any of these
situations will greatly reduce the complexity of the composite equivalence profile.

Application of the Composite Equivalence Profile

The results of creating a composite equivalence profile are of importance in
equipment design because the most probable failure modes have been defined
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and the designer will know where to concentrate his efforts. Further, the equiva-
lence techniques may be used to compare the effects of various service conditions
by a comparison of the estimated specimen response to those conditions.

The composite equivalence profile is applied in testing as the basis for test-
time and test-type scaling, in the prediction of specimen pertormance under dif-
ferent test conditions, and as a diagnostic aid in the event of a specimen failure,

A final and important use of the vibration equivalence techniques is in the
area of quality control, where simple yet meaningful specimen performance tests
may be designed and run to gain prior assurance that the specimen will perform
properly under service conditions.

6.4 Equivalences and Testing

Test Accuracy

There are several recognized problems which influence the degree to which
a test is an adequate representation of an actual or projected service vibration
environment.

A primary area of concern is caused by the tendenicy of many enginecrs to
place a great deal of importance on data gathered from the test of a single speci-
men. The data from a single engineering prototype or a first production item,
for example, are taken to represent the ability of all like items to pass certain
vibration test requirements. As observed by Small [129], a main purpose of
laboratory vibration testing is to ensurc adequate hardware reliability relative to
structural integrity and acceptable functional performance. The problem here is
that the testing of one specimen does not necessarily constitute an adequate
sample size to assure reliable service performance of like specimens. Figure 6-3
shows a simplified interrelationship between sample size, reliability, and confi-
dence level. For example, 30 samples of a specimen must pass a given test with-
out failure to achieve a 60% confidence that the tested specimen will have a
reliability of 0.97 under the tested conditions.

It is desirable to have a large number of test specimens so that incremental
stress level data can be gathered to describe a distribution of strength for the
tested item. Once this distribution and a distribution of vibration levels are avail-
able, one can predict with a high degrec of confidence the percentage of failures
expected inservice. Large sample sizes are practical and commonly used for small
low-cost component parts, but prohibitive costs are involved when attempting to
apply lot-sampling techniques to high-cost and low-production-volume products.
The result is a forced compromise because test data are necessary to show design
adequacy even if that data are indicative rather than an accurate representation
of product reliability,

Problems with service predictions arise because service data seldom exist at
every desired location and for every type of service history. Those vibration
tests where data ure available were probably conducted on a limited number of
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Fig, 6-3. Sample size vs confidence level [129].

test items, frequently on a success/failure basis, and yield very little information
about distributions of strength. Some significant vibration histories are not
stationary processes and usual data reduction techniques are not adequate to
describe these processes. Also, test items are not usually subjected to three axes
of motion simultaneously, which occurs in service.

The practice of enveloping sets of predicted or measured structural response
data and using these envelope spectra as test excitation spectra is conservative,
This technique will eliminate [98,101,130] response valleys which may repre-
sent an interaction of the tested item with the mounting structure. Such an
approach ignores the fact that at certain frequencies the test item will tend to
act as a classical vibration absorber. At these frequencies, the test machine must
provide unrealistically high excitation forces to maintain the envelope vibration
levels.

One approach used to account for uncertainties and data scatter is to apply a
test level factor, or test margin, which is intended to lead to a calculated amount
of overtesting. While the selection of this factor is largely a matter of experience
and engineering judgment, the factors used for time-scale changes should be
based on cumulative-damage equivalence theory to avoid severe overtesting.

In addition to the above noted sources of potential inaccuracy in vibration
testing, several othe: errors may be introduced, such as minor assembly and
design variances of the specimen, accelerometer positioning, and erroneous test
execution and data reduction procedures. Many of these areas of potential in-
accuracy appear to be ignored to varying degrees by current testing practices.
The simplifying assumptions which have been used to form the vibration equiva-
lence techniques are also sources of potential inaccuracy. However, the known
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E 6 ~————» 8 | Interpretation of interaction standards into fixture hardware
£ 8 ————» 12 | Fabrication and proof-of-test-fixture adequacy
= {12 ————» 15 | Definition of specimen performance under specific interaction
conditions
16 «—————p= 14 | Assure that comparisons are made on like interaction basis

1A process is the activity of moving from one event to the next, i.e,, 1 =>4 means to move
from Event 1 to Event 4, See Fig, 6-4 for a definition of events,

Fig, 6-5. Application of cquivalence techriques to event diagram processes,
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inaccuracies introduced by the careful application of the vibration-equivalence
techniques should lead to less variability in test results than the unknown in-
accuracies now accepted in current testing practice.

Test Applications

A vibration test may be conducted for one or more of these purposes: (a) to
obtain necessary information for equipment design, (b) to evaluate the suitability
of a final design, (¢) to demonstrate the capability and quality of a design, or (d)
to assure that initial product quality has been maintained during the production
of an approved design. Each requires individual consideration and may be
viewed differently by a customer (who originates a test requirement) and a sup-
plier (who must show that his product will meet the tes: requirement). There are
other factors which will influence the vibration test: (a) the level of assembly
which is to be tested, from the component through the unit, subassembly,
assembly, and overall system; (b) the nature of the acceptability or failure cri-
teria; and (c) the economic factors such as test and specimen cost, schedule, and
the cost of a failure-retest cycle. Each of these factors must be considered in the
design of a test to achieve the best balance for each test situation. Most of these
factors have been discussed earlier in this monograph or are factors which can be
most accurately evaluated by the individual who must design a test.

Regardless of the immmediate factors which influence vibration test specifica-
tions and procedures, there is a general pattern of events associated with vibra-
tion testing. Environmental engineers associated with vibration testing should be
aware of the existence of each event even though their immediate needs may
appear to encompass only a portion of the whole, The general pattern of events
associated with vibration testing is depicted by Fig. 6-4. This figure may be
used as a planning aid by considering cach event in relationship to a specific
project.

A summary of the application of the vibration equivalence techniques to the
events of Fig. 6-4 is given as Fig. 6-5. The latter figurc discerns between inter-
action equivalence applications and damage-based equivalence applications.
Those processes which are not listed in Fig. 6-5 may also involve an application
of equivalence techniques by implication.

Examination of Fig, 6-4, coupled with the information of Fig. 6-5, graphically
illustrates the relationship of the vibration equivalence techniques to the entire
area of vibration simulation and testing.
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CONCLUSIONS

The vibiatinn-eguivalenve tevhniyves hive hoen showi in elationship (o the
ontire arew of vibration simulation and testing,  The factom considered included
leld data, mojected seivice fequirenwnta, aveeptability riteria, the viewpaint
ol the supplier and cistiamer, The Tonmulation of a cormposite equivatence pratile,
and applications o this pratile W problenw in vibration teating,

It was showi that cunent testing practices and teat apecitivations have several
Khown werknesws, the fundamental ones invluding the following:

o Mighdmpedanee Nixtures are olten used in an attemp to obiain test wpeat:
ability, but they mwy lead to grosly conservative iealts,

3. The same aceelerated teats are sumetimes wsed for both lite (endwrance)
A perfurmance deimaonsirstion purposes,

N Tiweacate changes used 1o deline an aceelerated teat ate not always hased
o well-tuunded provedure,

4. The practice ol enveluping tleld data 1o provide a test excitation spectium
o es interaction between equipnwnt and (s supporting stivetawe,

L The wie o vomplicated vest proceduies when (e oconmimics ol the sitwa:
Hon does not warrant their use,

Equivalence tevchnigues find several usos, Once a test apeeillvation has hoen
aatablished, the equivalenves provide a wmeans 1o estimate veaulting dynami
dosign loads in 1erma of an equivalont stroas lovel, Simpler subatitute tests may
be derived when the test specilivation is wnnecessarily vomplex, The offecta of
tost U acceleration may be predicrod, and comparisonx may be made of the
wlative Tragility of differont ogquipment or design modifications,  Unde limited
ciicunmatances the squivalence tochniques abio provide a moeans of predicting
equipment porformnce of stiuctural tesponie to different sets of teat wquire-
ments,

Nune of the vibration equivalences have universal applivability, Each must b
limited o sivuations where a single predominant tailure mode is most adeguately
doscribed by the selected equivalence tochnique, The damaged based and wmagni-
tude vquivatences cannat be applied independently but must be used in conjunes
thon with an interaction technigue,

The interaction equivalence techniques are as yot only attempts 1o approxi:
wmate field cunditions, and no goneral mechanival impedance equivalence has
gainud acceprance, As a result, current testing practicos which employ a simple
motion control input to a test speciimen are regsonably accurate il the speci.
men's supporting structwe 18 not influenced by the presence ol the specimen,
If, however, the apparent weight ut the equipment approximates or exceeds that
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LIR FOUIVALENCE VECHNIQUER FOR VIRRATION 1NN

of the WPt At ine, Ve owireating can eault Im imotionyvoanthil
test practives, I this aiuation the desigh engineer iy devide (b atlemm o
mechahivalimpedance simulation. Iy the i ewe he iy Be toead e
vieatliing Al unnoveasarily heavy wi vomtly deaign,  Tn the sevnd cane e haa lw
pronlemy oF proving that the selevied neehanivalinpedume eguivaleive tevh:
niyue i valid,

In adiition to the vonvepts of furve contind, squivalent Toundation weighi,
and reapanvge Jimiting, Biersol (131 suggested that multaxial wsponses nesl (o
he ennaidored, That is, lalvrateny exvitations and responses are usvally wwimsial,
wheteun Hobd exeitations and rewinses are mwltiaxial, The elativislups between
uniahial and maitiaxial oxvitations and reaponses are not understindd and need
fasther study,

Mechanival:impedance equivalenve techinigues aie generally tpractival he-
AU AOIvive Topey dnta are ot available o vany 1o obtam, There have heon
SN ALEIPIE 1 reenpiige the impwdanve problea, twr exampe MILSTIR 10N,
Mothand S 14, Faragiaph 4.0, will allow input aveeleration level iductions haed
on apevimen weight,  Hwn though » reliable approach to deteravining a general
paEpeae mechanivalimpedanee equivalenve hun ) o1 1o be develuped, there i iueh
interest in duing so 120 30),

Curtent wark in fatigne and woaront phenanwing s bassd primanly on
cumilativostatigue theary, The basic mochanmin of Tatigue danwge is waknown,
A posr understanding of the wechanivs by whivh fatigue damage actually ae:
cumulates has esnltod in soveral thwariens that appronimate abhzerved falu be-
Navior,  As puinted owt by Maits [67] . 00 will be poasible 10 acoommodate other
torma of woariont in the goneralisod equivalonce oXproasions ance weatout mwels
van be dolined mathemativally,

The tatigue-hased vquivalonces were cronted by assuming that it & passible 1o
deseiibo a representative onviiominent 1n a form which may be wanipulated in
the equivatonce whitionships.  Swanson [137] has suggosted that propor 1epie
sontation of actwal aervice history i possible only by analysis of a very large
sample oF lowd history, He suggestod that because load historios consist of dits
terent types of loading, each of which has wnique characteristics, that eguivalence
Wy ONiEL i ane type of loading; however, equivalonces hotween luading types
are tenuous,  Coandall [1I8]) noted that thewe is no oquivalonce between fist:
passage tailures tor candom and sinusoidal histories, A sinusond has a st pas
sage, that is, a criticu! stress o doformation levwl which is excoeded during the
st eyele, ar wever. He noted also that the tandom processes have a mean tine
to firstpassage failure with a large dispersion about the mean,

The wser of this monograph should yecogniae several importunt charicteristics
ol the vibration equivalence techniques: (a) Each type of vibration equivalence
is not valid in a general sense but must be applied to the specific situation for
which it was derived, (b) it a vibration equivalence is to be used, it must be re.
lated to the primary damage process or matfunction expected during the test, (¢)
a complex specinwn may require the application ot mare than ane type aof
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equivalence and the linting characteritiv iy shilt between viitical lovatinng
s With 1eat fevel and responee Freguenvy, aivd (1) 10 not reaonable (o eXpea
igh aventavy (i vibeation) sguivalenves wieh inaervive duta, natetial prop:
erties, and the prosduction unitbrmity all have signaificant variability whivh v
tribute to dispersion ol et data,

A ot et was delfined as one which faila equiprvent whivh will fail in servive
and will it il egquipment whieh is satafactory foF mevive, The definition was
fvund to be deceptively simple.  Tu perfirm a good teat we must be able to de:
Hibe the environnent atwl be able 1o duplivate it i & test laboratwry, Iy addi:
o, 1118 nevessaty o formubate a suitable tramewnrk oF spevifications w that
contavtom and subvontiavion can legally define pinjeet reaponnibilities sl
Moduve hardware t perform an intended fnvtion,

Neveral weaknosws exial i our ability 1o pesfunm & goewd test, Mot are um
avwidable.  Howewer, 1t is novessary 0 disouss them 5o that they may he aveided
1 the largeat extemt pamsible. The primary weaknessos 1eault from a lavk ol ade:
quate Mreld data, e use of motioneontio! test pravtives which ignaie the inter
action hetwoen squipmiont wnd structure, attempls 1o witte general spevitications,
and approaches waed 10 acvelorate teat tiwe,

The vonvept ol avcelorated life teating must be used with vonsideration ol the
tvpe of failwie of malfunction whivh may 1einlt, In those cases where maliine:
tion is levol dependont it may he advisable 1o test equipment perfurnance w a
lower teat input lovel than is used (o simulate total service ondutance. In many
nstanves Turls to design a gond 181 1136 INANY ITe questions than anawen,
and itis necossary to live with wnpleasantries such s daty scatter and empineism,

This monograph was propared (o present a vwirent averview of reluted hwt
horetator scattered activities in an important arey of vibration tosting, Vibration
oquivalence tochnigues are those appoaches which are taken to predict and
duplicate the rexulis ol servive vibration conditions,  The review of lHwyatwe
levant to vibiation equivalonce oprosents the thinking of many qualitled per.
sons who have tarned their attention to various favets of vihation eguivalence.
1t is ovident that much pragress has been made but wore is needed,
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H. Spence and H. Luhrs, **Structural Fatigue under Combined Random and Swept
Sinusoidal Vibration,” J, Acoust. Soc. Amer. 34 (No, 8), 1076-1081 (Aug. 1962).
Authors perform a Miles-type analysis to obtain an equivaleat stress for a com-
bined swept sine and random vibration.
S. Kaufman, W. L. Lapinski, and R. C. McCaa, “Response of a Single Degree of
Freedom Isolator to a Random Disturbance,” J. Acoust. Soc. Amer. 33 (No. 8),
1108-1112 (Aug. 1961),
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A discussion of the primary influence of a random excitation on u simple SLD¥
system,
M, Gortel, “Derivation of Shock and Vibration Teata Bared on Moasured Knviron.
ments," Shock & Vib, Bull. 31 (2), 28-33 (Mar, 1963).
Two approaches are described Tor use In simuluting field vibration: (a) exact
duplication, and (b) simulation of damage.
C. E. Crede and E, ), Lunnoy, “Establishment of Vibeation and Shock Tests for
Missile Electronics as Derived From the Measured Environment,” WADC Technical
Report $6-503, Wright Air Development Center, USAF, Wright-Patterson AI'B, Ohio,
Dec, 1956,
Authors introduce u Miloastype analysis and arrive at a constant relationship be-
tween random and sine vibration, Teating timv und lovel are adjusted using futigue
curve duta,
C, E. Crede and K, ), Lunney, “The Establishment of Vibration and Shock Tests for
Ailtborne Electronics,” WADC Technical Report §7-75, Wright Alr Development Cen-
tor, USAF, Wright-Patterson AFB, Ohio, Jan. 1958,
Data from several alrcraft aro used to arrive at scveral envelopes reprosenting the
vibration environment.
N. Granick, “Choosing a Suitable Sweep-Rate for Sinusoidal Vibration Testing,"
NASA TN-D-709, Oct, 1961,
Suggests that the log sweep ns presently used {8 based on incorrect assumptions
rolative to the magnitude of Q, and If changes of Q with frequency aro taken into
consideration, a change in frequency proportionul to the oune-half power of fre-
quency should be used,
V. C. McIntosh and N. Granick, “Experiments in Random Vibration,” Shock & Vib,
Bull, 23, 80-87 (June 1956).
A description of random-vibration testing techniqusas,
R. M. Mains, “Damage Accumulation in Relation to Environmental Testing,” Shock
& Vib. Bull, 27 (4), 95-100 (June 1959).
Author develops a gencralized equation for damage accumulation under shock
and vibration, He also considers how changes in individual parameters change
total damage. No data presented to support theoretical equation.
B. M. Hall and L. T. Waterman, “Correlation of Sinusoidul and Random Vibrations,”
Shock & Vib. Buil, 29 (4), 218-225 (June 1961).
An cquivalence between sine sweep, sine dwell and random vibration is obtained
using the work due to damping forces.
L. T. Waterman, “Random Versus Sinusoidal Vibration Damage Level,” Shock &
Vib. Bull. 30 (4), 128-139 (Apr. 1962).
Some additional derivations of equivalence equations are presented along with a
limited amount of experimental data.
1. Gerks and M. Vet, “Quarterly Progress Report for Optimization of Vibration
Testing Time,” MSFC Contract NAS8-11278, Collins Radiv Co., Cedar Rapids, lowa,
15 Jan, 1965.
Contains the detailed derivation of a Miles-type complete set of equivalence tela-
tionships,
T. Patrick, “Sweep Sine Wave Simulation of Random Vibration and its Effect on
Design with Particular Reference to Space Rockets,” J. Sound and Vibration § (No.
1),3741(1967).
Presents equivalence formula for sine and random vibration.
R. W. Mustain, “Prediction of Random Environments,” SAE Paper 748B, Sept.
23-27, 1963.
Author reviews several of the classical techniques for predicting acoustic and
vibration levels. An equivalence between sine and random vibration is presented.
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H, Spence, “Random-Sine Vibration Eguivalonce Tosts on Missile Electronic Liguip-

ment," nst. Environ, Sti, Proc. 1960, pp, $01.560,

Prosonts oxperimental duta from four electronic equipmonta to verify random-sine
equivalence bamd on the ting rosponse of the squipments,

L. S, Jacobsen and R, S, Ayre, Engineering Vibrations, McGraw-Hill Book Ca,, Inc,,

New York, 1938,

An undorgraduate textbook in mechanical vibrations,

W. D, Trotter, “An Exporimental Evaluation of Sinusoidal Substitutes for Random

Vibrations," Shock & Vib, Bull, 29 (4), 1-12 (June 1961),

Two forms of equivalence betwoon sine dwell and random wore obtained using
equal tms responses. Fatigue tests and cloctronic malfunction tests were con.
ducted to verify the equivalence, and correlation was poor,

G. Kuchadourian, “Spacecraft Vibration: A Comparison of Flight Data and Ground

Test Data,” Shock & Vib. Bull. 37 (7), 173:203 (Jan, 1968),

Author suggests a technique, based on data from similar vehicles, which may be
used to establish test lovels. Correction factors are appliod to account for woight,
structurul, and acoustic level differonces,

C. T. Morrow, “Some Special Considerations in Shock and Vibration Testing,” Shock

& Vib, Bull. 23, 20-24 (June 1956).

This paper discusses briefly a number of special considerations in shock and
vibration testing, the philosophy of smooth specifications, the testing of compo-
nents vs parts, force vs acceleration or amplitude excitation, and the single-
frequency equivalent,

C. T. Morrow and R. B. Muchmore, “‘Shortcomings of Present Mothods of Mcasuring

und Simulating Vibrativn Environments,” Shock & Vib, Buil. 21, 89-96 (Nov, 1953),
Authors point out that many sources of vibration have a continuous spectrum and
methods of analysis based on only sinusoidal waveforms may not be valid, An
equivalence between random and sine dwell is obtained based on equal rms re.
sponse,

A. 1. Curtis, *A Mcthod of Equating Long Duration-Low Intensity and Short

Duration-High Intensity Random Vibration," Shock & Vib. Bull. 27 (4), 101-105

(June 1959).

The Rayleigh distribution is used to obtain an equivalence based on the number
of peaks above a certain level. The time is varied depending on the relative
spectral densities and the ratio of cutoff level to rms level.

R. E. Blake und M. W. Oleson, “*Substitutes for Random-Vibration Testing,” Shock

& Vib, Bull, 24, 338-343 (Fcb, 1957).

The authors base equivalence, between swept sinusoidal vibration or swept nar-
rowband random vibration and wideband random vibration, on reproducing the
distribution of response peaks above some level, No experimental data are pre-
sented.

M. W, Oleson, “A Narrow-Band Random-Vibration Test,” Shock & Vib. Bull. 25 (1),

110-119 (Dec, 1957).

Author suggests a test in which narrowband random vibration is swept logarith-
mically through the frequency range. Equivalence is based on producing a similar
distributions of peaks at high stress levels.

G. Booth, “Sweep Random Vibration,” Inst, Environ. Sci, Proc. 1960, pp. 491-516.
An equivalence between swept random and broadband random is proposed using
cumulative distributions of peaks.

J. T. Broch, *Some Aspects of Sweep Random Vibration,” J. Sound and Vibration 3

(No. 2), 195-204 (1966).

i
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Sweop random is mado oquivulent to widoband random by matching peak distri-
butions and equivaloence to sine on an rns basis, Time scaling can be obtained by
changes in comprossor spoed.
G. Bocth and J, T, Broch, “Analog Experimonts Compare Improved Sweep Random
Tost with Wide Band Random and Sweep Sine Tosts," Shock & Vib, Bull. 34 (5),
67.82 (Fub, 1965).
Authors suggest the use of swept nurrowband random as an equivalent of broad-
band random. The equivalence maintains the peak distributions in the 20 to 3¢
regton noarly equal. A technique is also presented to accelerate swept random
tosts,
J. E. Foster, “*‘Random-Sinusoidal Vibration Correlation Study,” WADD-TV-61-43,
Wright Air Development Division, ARDC, USAF, Wright-Patterson AFB, Ohio, Feb.
1961,
Author attempts to correlate random and sine sweep vibration through the use of
signal degradotion, Correlation was poor for the two items of equipment con-
sidered.
J. M. Brust, “Determination of I'ragility to Meet Random and Sinusoidal Vibration
Environments,"” SAE Paper 430A, Oct. 1961,
Presents several techniques to define equipment fragility and attempts to obtein a
random-sine equivalence based on matfunctions,
A. J. Curtis and H. T. Abstein, “An Investigation of Functional Failure Due to
Random and Sinusoidal Vibration,” WADD Technical Note 61-24, Wright Ait Devel-
opinent Division, ARDC, USAF, Wright-Patterson AFB, Ohio, Sept, 1961.
Authors attempt to achieve a malfunction correlation between random vibration
and sine sweep vibration on three items of equipment. Correlation was very poor.
A. Warren, “The Testing of Equipments Subject to Vibration; Further Considera-
tions,” Armament Research and Development Establishment Report (L), ARDE,
Fort Halstead, Kent, Jan, 1960 (AD 235712).
An e¢lectrical analog of an SDF system is used to ¢Z..pare responses of actual
vibration and proposed laboratory tests. A narrowband swept random test is
suggested to simulate a broadband random test.
F. J. On, A Theoretical Basis for Mechanical Impedance Simulation in Shock and
Vibration Testing,” Shock & Vib. Bull. 33 (4),47-53 (Mar. 1964),
Fundamental relations for impedance are given. It is suggested that the impedance
¢“ the specimen's foundation should be considered in developing vibration tests.
L. J. Pulgrano, “Impedance Considerations in Vibration Testing,” Shock & Vib. Bull.
31(2), 236-244 (Mar. 1963).
The author points out that the assumption of negligible specimen impedance
inherent in the motion input approach to vibration testing is often unsatisfied.
A. G. Piersol, “The Development of Vibration Test Specifications for Flight Vehicle
Components,” J. Sound and Vibration 4 (1), 88-115 (1966).
A review of various procedures currently employed in developing test specifica-
tions. Typical shortcomings are noted and several equivalences are reviewed.
J. P. Salter, Steady State Vibration, Kenneth Mason, Publisher, 13-14 Homewell,
Havant Hants, 1969.
A discussion of the physical aspects and problems of mechanical vibration.
R. Plunkett, “Mechanical Impedance Methods,” a series of papers presented at a
Colloquium on Mechanical Impedance Methods for Mechanical Vibrations, ASME,
Dec. 1958.
R. E. Blake, ““The Need to Control the Qutput Impedance of Vibration and Shock
Machines,” Shock & Vib. Bull, 23, 59-63 (June 1956).
Author points out that neglect of the effects of impedance generally leads to tests
which are far more severe than any field conditions,
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J. Salter, *Problem Areas in Dynamic Testing,” Inst. Environ. Sci. Proc. 1963, p. 49.
Author questions validity of present vibration specifications, based on the en.
velope of the field data, which do not allow tested equipment to react in a normal
manner.

L. Vigness, “Mcasurement of Equipment Vibrations in the Field as a Help for Deter-

mining Vibration Specifications,” Shock & Vib. Bull, 33 (3), 179-181 (Mar, 1964).
Several practical solutions to the problem of transiating field vibration data into
specifications are suggested, one of which is to make measurements of the re-
sponse of structures in the field.

A. J. Silver, “Problems in Adding Realism to Standard Specifications,” Shock & Vib.

Bull, 34 (4) 133-136 (Feb. 1965).

Author suggests that present military environmental specifications rarely are rep-
resentative of actual hardware service application,

G. W. Painter, “Use of Force and Acceleration Measurements in Specifying and

Monitoring Laboratory Vibration Tests,” Shock & Vib. Bull. 36 (3), 1-13 (Jan.

1967).

Provides the results of vibration tests conducted on a simulated equipment
mounted in a section of an aircraft fuselage and then mounted to a rigid fixture
on a shaker. Both input force and input acceleration were measured during the
vehicle test. The envclopes of the acceleration peaks were used as inputs during
the shaker tests.

A. ], Curtis and J. G. Herrera, “Random-Vibration Test Level Control Using Input

and Test [tem Response Spectra,” Shock & Vib. Bull. 37 (3), 47-60 (Jan. 1968).
Authors proposed that large assemblies such as electronic racks be tested using a
broadband input spectra in conjunction with a limit curve for response ampli-
tudes. The input would be notched at frequencies where the response exceeded
the limit curve.

M. Vet, “Shortcomings of the General Purpose Vibration Specification,” Collins

Engineering Report 523-0757517-00181M, Collins Radio Co., Cedar Rapids, lowa,

Dec. 1964.

Presents arguments against input control vibration tests. [t is suggested that equip-
ment response be limited to account for vibration absorber phenomena.

1. P, Salter, “Taming the General-Purpose Vibration Test,” Shock & Vib. Bull. 33 (3),

211-217 (Mar. 1964).

Author points out that the acceleration levels quoted in many of the general
purpose vibration test specifications are based on measurements made at vibration
antinodes. Where this is so, there is no justification for permitting the acceleration
level at any of the attachment points to exceed the level quoted, or for permitting
the applied force to exceed a computable value.

J. V. Otts, “Force-Controlled Vibration Tests: A Step Toward Practical Application

of Mechanical Impedance,” Shock & Vib. Bull. 34 (5),45-53 (Feb. 1965).

Author suggests controlling foundation mass (electronically simulated) and force
input to allow test item to interact with its foundation in a manner similar to
actual field usage.

C. Nuckolls, “An Approximate Method of Simulating Mechanical Impedance in Vi-

bration Testing,” Inst. Environ. Sci, Proc. 1965, Apr. 1965, pp.477-581.

Author presents techniques for simulating foundation impedance during clectro-
dynamic vibration tests.

W. B. Murfin, “Dual Specifications in Vibration Testing,” Shock & Vib. Bull. 38 (1),

109-113 (Aug. 1968).

Suggests using the envelopes of both force and acceleration data to specify a
vibration test.
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R. O. Belsheim and J. J. Harris, “'Apparent-Weight Measurements of Rocket Payload
and Test Structures,” NRL Memorandum Report 1099, Naval Research Laboratory,
Washington, D.C., Dec. 1960.
A detailed description of impedance measurements on rockets and payloads.
W, C. Ballard, S. L. Casey, and J. D, Clausen, “Vibration Testing with Mechanical
Impedance Methods,” Sound & Vib. 3,10-21 (Jan. 1969).
Authors present the results of analytical and experimental studies of the dynamic
properties of typical floors and computer input/output equipment.
T. D. Scharton, “Development of Impedance Simulation Fixtures For Spacecraft
Vibration Tests,”” NASA-CR-1351, May 1969.
Recommends the use of multimodal vibration fixtures which more nearly match
the impedance of actual mounting structures.
T. D. Scharton, “A Letter Response to the General Author Survey for Monograph
Data,” July 24, 1969.
N. Arcas, “Prediction of Stress and Fatigue Life of Acoustically-Excited Aircraft
Structures,” Shock & Vib. Bull. 39 (3),87-97 (Jan. 1969).
Author extends a method proposed by Clarkson for predicting rms stresses on
aircraft structures that are excited by high-intensity noise.
S. Kaplan, “Integrated Structural and Dynamic Testing Plans for a Large Inter-
planetary Spacecraft,” Inst. Environ. Sci. Proc. 1969, p. 565, Apr. 1969.
Author advocates a full vehicle acoustic test early in a program to check the
correctness of assumed vibration test levels. Acoustic testing of entire vehicle is
said to eliminate vehicle random vibration testing.
S. Kaplan, “Criterion for Estimating Spacecraft Shroud Acoustic Field Reductions,”
J. Environ, Sci., 27-29 (Feb. 1969).
Author presents a curve derived from experimental data which is used to estimate
the acoustic noise reduction due to shrouds,
W. G. Elsen, “Random-Vibration Response Data for Orbiting Geophysical Observa-
tory: Flight, Acoustic and Vibration Test,” Shock & Vib, Bull. 37 (3), 2145 (Jan,
1968).
Although random vibration tests of spacecraft give satisfactory simulation of
flight loads, acoustic tests are recommended since they give better simulation.
Experimental data are presented to support this conclusion,
O. F. Maurer, “Facility Sonic Fatigue Proof Testing,” Shock & Vib. Bull. 37, Supple-
ment 43-62 (Jan. 1968).
An extensive description of the acoustic test of a full-scale wing section. Simula-
tion was based on reproducing the acoustic spectra at several points and a Miles
analysis was used in accelerating the test,
R. W. Peverley, “‘Vibroacoustic Test Methods for Vibration Qualitication of Apollo
Flight Hardware,"” Shock & Vib. Bull. 37 (5), 153-166 (Jan. 1968).
A 180° segment of the Apollo Service Module (SM) was subjected to acoustic
inputs to simulate flight vibration levels.
T. D. Scharton and T. M. Yang, “Substitute Acoustic Tests,” Shock & Vib. Bull, 38
(1), 115-124 (Aug. 1968).
Large-scale acoustic tests are replaced by multipoint mechanical vibration tests by
simulating the power flow to the test item. Limited experimental verification is
presented.
R. J. Wren, W, D. Dorland, 1. D, Johnston, and K. M, Eldred, “Concept, Design and
Performance of the MSC Spacecraft Acoustic Laboratory,”” NASA TM X-58017, Mar.
1968.
Discussion of the design and performance of an acoustic fatigue facility used for
testing the Apollo configuration,
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J. West, H. Oder, and R. Nicholas, **Apollo CSM 105/AV Acoustic and Vibration
Test Program,” Space Division Report SD68-466-1, North American Rockwell Cor-
poratjon, El Segundo, Calif., Sept. 1968,
Includes an engineering evaluation and data on acoustic and vibration testing.
Used as a basic reference for various vibroacoustic papers.
R. B. Bost, “Prediction of Flight Vibration Levels for the Scout Launch Vehicle,”
Shock & Vib, Bull. 36 (5),85-95 (Jan. 1967).
A least-squares fit of measured data (acceleration vs SPL) is used to predict
acceleration levels from known acoustic levels. The 95-percentile curve is used to
give a conservative test.
R. H. Lyon, Random Noise and Vibration in Space Vehicles, Shock and Vibration
Information Center Monograph SVM-1, Shock and Vibration Information Center,
Department of Defense, Washington, D.C., 1967.
An authoritative monograph on random noise and vibration.
A. Mueller and P, Edge, “Laboratory Simulation of the Combined Acoustic Vibration
Environment of Launch Vehicle Onboard Electronic Equipment,” Inst. Environ. Sci.
Proc. 1969, p. 229.
Authors used an air jet to excite equipment for the purpose of reproducing both
vibration and acoustic inputs simultaneously,
J. H. Putukian, “Simulating Missiie-Firing Acoustical Environment by Equivalent
Mechanical Vibration,” Shock & Vib. Bull, 34 (5), 83-91, (Feb. 1965).
The acoustic test was replaced by a mechanical vibration test which produced an
equal response at some point in the equipment.
K. Eidred, “Problems in the Laboratory Qualification of Structures and Equipment
Exposed to Intense Acoustic Environments,” Inst. Environ. Sci. Proc, 1964,p.321,
The duplication of acoustic input levels during test does not guarantee a satis-
factory test. Consideration must be given to responses of item with appropriate
adjustments of input levels.
D. U. Noiscux, ‘‘Simulation of Reverberant Acoustic Testing by a Vibration Shaker,”
Shock & Vib. Bull. 33 (3), 125-136 (Mar, 1964),
Author describes the random-noise testing of structures by using a mechanical
shaker. This is achieved by mechanically reproducing measured or predicted re-
sponses to the original acoustic input.
P. R, McGowan and R, Frasca, “Structural Design for Acoustic Fatigue,” ASD-TDR.
63-820, Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio, Oct.
1963,
Authors develop a series of design nomographs for fatigue design of typical air-
frame structure. Random and sine fatigue data are equated using a Miles analysis
and numerical integration.
P. T. Mahaffey and K. W, Smith, *A Method of Predicting Environmental Vibration
Levels in Jet-Powerced Vehicles," Shock & Vib. Bull. 28 (4). 1-14 (Aug, 1960).
Authors present a regression analysis of vibration vs acoustic levels on the B-58
aircraft, This is a classical paper in the flight-vehicle vibration-prediction field,
R. Plunkett, *“Problems of Environmental Testing," Shock & Vib, Bull. 25 (2), 67-69
(Dec. 1957).
Environmental testing is mainly a comparison process and cannot be expected to
qualify systems and components for field service. The dosigner, inspector, and
contract negotiator must recognize the arbitrary character of this type of test and
appreciate the proper role of suitable specification waivers and modifications,
W. Harvey, “Specifying Vibration Simulation,” Inst. Environ. Sci, Proc. 1964, pp.
407416,
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At Perl, A Letter Regponse o the General Authar Suivey tor Monograph

Pata,"™ Aug. 1), 1969,

L. €, Suthertand, “A Letter Reapuine v the (ieneral Authw Survey (i Monograph

Data,” Sept. 12, 1969,

O F Saunders, A Lotter Responw (0 the General Authay Sunvey for Munngiaph

Data," Aug. 31, 1969,

C. W, Schiwidor, A Lettor Responw o 1he Geivral Awthor Survey fur Munograph

Data, Aug. 1, 1969,

Jo A, Skuug, A Letter Responwe o the Goneral Author Swivey for Monagraph

Data,” Sept. 16, 1969,

A ) Cuntis und NG Tinting, “Sucvess and Falluro with Prediction and Simulation

of Alecraft Vibsation,™ Shoek & Vib, Bull. 39 (6), 77-92 (Mar, 1969),

Comparisons are made of prediction, measuroment, and simulation technigues for
an alreraftcarrivd missile, Reosults are good in gross sense but detail i quite
vatiable,

8. R Swanson, A Lotter Response 10 the Gonoral Awthor Survey far Monogruph

Duta,” July 4, 1969,

SO H Crandall, “A Lettor Rosponse to the General Author Survey fur Monograph

Data,” Sopt. 24, 1969,




APPENDIX
SYMBOLS AND NOTATION

A A eonatant defined in the text
AR Amplification favtor
AG Acceleration gradient
) Negative reciprocal slope of Ingarithmie SW diagram
[ Bandwidth
¢ Damping

\ ¢ A conatant defined in the text

&f D Damage
b Dynamic modulus
¢ Distance from the asutral axis
exp( ) Natural or naperian ¢ raised to the hracketed power
) Modulus of elasticity
&l Bxpected value of quantity in brackets
Je Characteriatic frequency
In Natural frequency

\ r Force

. F RMS force
'S The local acceleration of gravity
h Crack dopth
H( ) Reaponse magnitication function
{ Moment of inertia
I A stross interaction factor
K Spring rate
] Slope of loading spectrum curve, from Lundberg
m Number of damuge nuclei
m A goneralized mass
M Mass or moment
M Mobility

.1 n Number of cycles
N Number of cycles to failure
P An experimentally determined constant
Pl) Probability density of quantity in brackets
q A scale factor
Q Resonance transmissibility
r Rate of crack propagation or ratio of peak sine to rms random stress
R Ratio of lower to high crack propagation rates
R Receptance
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A acale factor or aweep paramstor

Strem

RMS strems

Thne

Time to failure

Enorgy

A vibration aceelerution in g's, i.0,, the ratio of the applied accelera-
tion to the local agceleration of gravity

RMS vibration acceleration

Work

Apparent weight

The power apectral density of the bracketed quantity
Ratio of two quantities

A spatial coordinate

Volocity in the spatial coordinate direction
Accoleration in the spatial coordinate direction
Mechanical impedance

Rate of change of compressor speed

Number of cycles in a transient

Gamma function of the type shown in brackets

An exparimentally determined factor in Shanley fatigue theory
Mean stress or change in stress

Strain

Impedance angle

Ratio of cycles at higher load to total number of cycles
A constant

Standard deviation

Ratio of actual to critical damping

Angular frequency

Natural angular frequency

Superscripts and Subscripts

I QA

i,jymn

An experimentally determined exponent

The Corten-Dolan experimentally determined exponent
Equivalent

Failure

Higher

An exponent

Level dependent

Indexes

Original condition

Random
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Stross dependent

Sinusoidal dwell

Sinugoidul aweep

Peak amplitude

An experimentally determined exponent in Shanley fatigue theory
An oxperimentally evaluated exponent

An oxperimental exponent

The terminology and symbolism used to achieve compact notation is as
follows:

/---— amplitude of vibration input, g's
index of summation, i.e., there are ¢ different environ-
A ’ y
2_‘ Vid.i /_— ments
{

type of vibration, sd = sine dwell, » = random, and
§s = sinc sweep

/- initial history prior to equivalence
condition of equivalence
W[V]“/_
L‘*—— defines the random environment in terms of power
spectral density as a function of frequency for the

bracketed parameter

f},i <«—————— the jth frequency component of the ith vibration history
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ANNOTATED BIBLIOGRAPHY

W. N, Allen and W. Wagnon, “Saturn Guidance, Control and Instrumen-
tation Equipment Test Philosophy,” Shock & Vib. Bull. 30 (4), 22-23
(Apr. 1962).
Suturn vibration tests have evolved from prior missiles. Safety factors of
two have been used to account for scatter in prior results.
J. W, Apgar and R. D. Baily, “Preparation and Analysis of Munson Road
Test Tapes for Laboratory Vibration Tests,”” Shock & Vib. Bull. 31 (2),
64-76 (Mar. 1963).
A program is described to correlate the vibration requirements for
vehicular mounted equipment in MIL-E-4970 with the vibration
experienced on the Munson test courses.
J. A. Bailie, “Shock Testing to Simulate Random Vibration Peaks,” Shock
& Vib. Bull. 35 (6), 1-10 (Apr. 1966).
A shock test is developed to simulate short bursts of nonstationary
random vibration. The equivalence is based on the single highest peak.
W. Baird and R. Blake, ‘“Derivation of Design and Test Criteria,” Inst.
Environ. Sci. Proc. 1969, pp. 128-138.
Test criteria reflect the influence of different parties who are involved
in the design of a system, and in most cases the design and test criteria
are prepared using incomplete data.
E. F. Baird, M. Bernstein, and D. E. Newbrough, “Development and
Verification of the Apollo Lunar Module Vibration Test Requirements,”
Shock & Vib. Bull. 37 (5), 105-115 (Jan. 1968).
Both acoustic and vibration tests were conducted on the LM vehicle
with the vibration responses at equipment being monitored. These
measured levels served as input levels for equipment vibration tests
except that low-frequency random vibration was simulated using a sine
sweep.
R. L. Barnoski, “Probabilistic Shock Spectra,” NASA CR-66771, Dec.
1968.
Author uses digital computer to obtain shock spectra for random
shocks (modulated random noise). Square-wave, half-sine and triangular
wave pulses are used for envelopes.
R. L. Barnoski and J. R. Maurer, ‘“Mean-Square Response of Simple
Mechanical Systems to Non-Stationary Random Excitation,” J. Appl,
Mech. , Paper No. 69-APM-25, 1969.
Authors consider the use of unit step and rectangular power spectral
density envelopes to obtain transient responses to random noise.
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R, Barnoski, “'Time Dependence of the Maximum Structural Response
Under Random Loading,” Inst. Environ. Sci, Proc. 1969, p. 92.
Author defines a method to predict the time to achieve a first response
above given level for a linear system subjected to a stationary random
input.
M. J. Baruch and S. Davis, “Implications of Spacecraft Vibration
Qualification Testing Requirements on Structural Design,” Shock & Vib.
Bull. 35 (2), 203-219 (Jan. 1966).
A lumped-parameter dynamic analysis of the Advanced Orbiting Solar
Observatory is presented with predictions of responses to vibration test
levels.
M. R. Beckman, “A Critique of the Techniques used in the Measurement,
Analysis, and Simulation of Missile Vibration Environment,”” Shock & Vib.
Bull. 28 (4), 157-164 (Aug. 1960).
The vibration qualification tests such as usually performed on missile
equipment in the laboratory typically are found different from actual
flight environments. Some causes for the difference may be found in
the confusion that exists within the fields of vibration measurement,
data analysis, and laboratory simulation. Even more important is the
lack of coordination that exists between these specialties.
R. Belsheim and J. Young, “Experimental Measurement of the Table
Impedance of a Large Electrodynamic Shaker,” NRL Memorandum
Report 974, Naval Research Laboratory, Washington, D.C., Oct. 1959.
Authors present apparent weight measurements for a moderate-size
vibration machine.
J. Bendat, “Probability Functions for Random Responses: Prediction of
Peaks, Fatigue Damage, and Catastrophic Failures,” NASA CR-33, Apr.
1964,
A mathematical derivation of relationships from random process theory
with a discussion of the basic assumption.
R. E. Bieber and J. H. Fairman, “Random Fatigue Data,” Shock & Vib,
Bull. 31 (3), 32-38 (Apr. 1963).
Authors discuss test procedures based on random fatigue data.
Z. Birnbaum and S. Saunders, ‘‘A Probabilistic Interpretation of Miner’s
Rule,” University of Washington Tech Report No. 49, Apr. 1967.
The authors exhibit conditions under which Miner’s rule is on the
average conservative or unconservative.
R. E. Blake and M. W. Oleson, “Studies of Random Vibration,” Shock &
Vib. Bull. 24, 133-142 (Feb. 1957).
Authors discuss the necessity of peak notch filters and calculations of
required amplifier power.
R. E. Blake, “A Specification Writer’s Viewpoint,” Shock & Vib. Bull. 27
(4), 9194 (June 1959).
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Specifications should be such that the resulting tests are representative
of service environments, the equipment passing those tests should not
fail in service, and the expected statistical variation of similar
equipment should not cause a failure in service. Actual tests are shown
to be a compromise between the above and contractual constraints.
R. E. Blake and T. Ringstrom, “‘The Influence of Mass and Damping on
the Response of Equipment to Shock and Vibration,” Shock & Vib. Bull,
28 (4), 15-19 (Aug. 19€0).
Current practice in designing for shock and vibration environments is
conservative because impedance effects have largely been neglected.
G. B. Booth, “‘Relationships Between Random Vibration Tests and the
Field Environment,” Shock & Vib. Bull. 31 (2), 164-171 (Mar. 1963).
Author hypothesizes that vibration tests of greatly differing character
can only be compared in terms of the responses of elements of typical
devices to these tests.
D. Bozich, K. Eldred, and R. White, “Empirical Correlation of Excitation
Environment and Structural Parameters with Flight Vehicle Vibration
Response,” AFFDL-TR-64-160, Air Force Flight Dynamics Laboratory,
Wright-Patterson AFB, Ohio, Dec. 1964.
Vehicle response at low to medium frequencies can be handled by
analytic models, but higher frequencies require a statistical approach
due to the high density of frequencies in any given interval.
B. S. Bradford, “To What Extent is the Missile Vibration Environment
Truly Random?” Shock & Vib. Bull. 24,315-317 (Feh. 1957).
Author notes that missile vibration tends to be random vibration.
C. R. Bumstead, “The Pros and Cons of Random vs Sinusoidal Testing,”
Shock & Vib. Bull. 24, 333-334 (Feb. 1957).
Author concludes that both sinusoidal and random vibration have a
place in the design process. Quality control and development tests
should be sinusoidal, whereas random testing is more appropriate for
other types of tests.
S. Bussa, “Fatigue Life of a Low Carbon Steel Notched Specimen Under
Stochastic Conditions,” Master’s Thesis, Wayne State University (MTS
900.21-1), 1967.
Author discusses the influence of mean stress, rms stress, irregularity
factor, and frequency ratio on fatigue life under random vibration.
Fuller’s hypothesis for fatigue damage accumulation is checked against
data with good results.
W. Butler and F. Condos, “A Critical Analysis of Vibration Prediction
Techniques,” Inst. Enviror, Sci. Proc. 1963, p. 321.
Authors show that vibration response predictions based on pressure and
mass ratios yield poor to good correlation at various points in a missile.
T. G. Butler and A. J. Villasenor, “Use of Shock for Low Frequency
Vibration Testing,” Shock & Vib, Bull. 34 (3), 253-258 (Dec. 1964).
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Authors analyze several types of waveforms in order to reproduce ar
arbitrary line spectra.
J. A, Callahan, “Gemini Spacecraft Flight Vibration Data and Comparison
with Predictions,” Shock & Vib. Bull. 35 (7), 67-76 (Apr. 1966).
Actual flight data are compared to levels extrapolated from Project
Mercury data.
J. A, Callahan, *The Use of Mercury Data to Predict the Gemini Vibration
Environment and Applications to the Gemini Vibration Control Program,”
Shock & Vib. Bull. 33 (1), 15-33 (Feb. 1964).
Author describes vibration data taken from the Mercury-Atlas flights,
extrapolation of this data for the Gemini vehicle, and methods of
applying the predicted levels to design and testing.
H. Cary, “Facts from Figures—The Value of Amplitude Distribution
Analysis,” Inst. Environ, Sci, Proc. 1968, p. 49.
Author presents data which will predict different lives at identical rms
stress levels for random fatigue where the distribution of peaks is
different. He hypothesizes that equal rms and identical distributions
would give identical lives.
A. Chirby, R. Stevens, and W. Wood, “Apollo CSM Dynamic Test
Program,” Shock & Vib. Bull. 39 (2), 106-121 (Feb. 1969).
The Apollo command and service modules are tested as a complete unit
under both acoustic and vibration excitation.
S. A. Clevenson, “Lunar Orbiter Flight Vibrations with Comparisons to
Flight Acceptance Requirements and Predictions based on a New
Generalized Regression Analysis,” Shock & Vib. Bull. 39 (6), 119-132
(Mar. 1969).
Flight data were compared to predictions, and it was found that flight
acceptance tests were conservative by a factor greater than ten.
S. A. Clevenson and R. Steiner, “Fatigue Life Under Various Random
Loading Spectra,” Shock & Vib. Bull. 35 (2), 21-31 (Jan. 1966).
Authors found that an aluminum alloy specimen under various random
loading spectra displayed no significant difference in fatigue life. The
Miner cumulative-damage theory gave unconservative estimates of life
under random vibration.
S. A. Clevenson, D. Hilton, and W. Lauten, “Vibration and Noise
Environmental Studies for Project Mercury,” Inst. Environ. Sci Proc.
1961, p. 541.
A limited amount of data are presented to show spacecraft responses to
various excitations including suborbital flight.
8. Clevenson, D. Martin, and J. Pearson, ‘“‘Representation of Transient
Sinusoids in the Environmental Vibration Tests for Spacecraft,” Inst.
Environ. Sci, Proc. 1965, p. 139,
Authors suggest two techniques to simulate transient motions: (a) fast
sweep at maximum amplitude, and (b) slow sweep at variable amplitudes.
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T. Coffin and G. D. Johnston, “A Comparison of the Vibration
Environment Measured on the Saturn Flights with the Predicted Values,”
Shock & Vib. Bull. 33 (2), 102-129 (Feb. 1964).
Preliminary vibration levels were predicted from available Jupiter data
and a limited amount of data from Saturn static firings. A comparison
of the actual vs predicted vibration environment is presented.
R. A. Colonna, D. E. Newbrough, and J. R. West, “Development and
Verification of the Vibration Test Requirements for the Apollo Command
and Service Modules,” Shock & Vib. Bull. 37 (5), 89-103 (Jan. 1968).
A comparison of acoustic levels from flight data and laboratory
acoustic tests allowed laboratory vibration levels to be scaled to
simulate flight levels, Comparisons are made to date from early boiler
plate flights with correlation being good.
N. Cook, “How Far to Go in Additional Random Vibration Equipment,”
Inst. Environ, Sci, Proc. 1960, p. 483.
Author contends that random testing should be limited to 500 Hz.
H. Corten and H. Liu, *‘Fatigue Damage During Complex Stress Histories,”
NASA TN D-256, University of Illinois, Nov. 195Q.
A relationship is presented for fatigue life prediction and the relative
number and amplitude of imposed cycles of stress for a wire specimen
of 2024-T4 and 7075-T6 aluminum alloys, and for a hard-drawn steel
wire sample.
H. T. Corten and H. W. Liu, “Fatigue Damage Under Varying Stress
Amplitudes,” NASA TN D-647, Nov. 1960,
Authors present a fatigue-damage prediction technique using stress
interaction factois.
T. Cost, “Initial Report on Equivalent Damage Measurement by Utilizing
S/N Fatigue Gages,” Shock & Vib. Bull. 39 (2), 35-40 (Feb. 1969).
The use of S-N fatigue gages will allow fatigue damage to be measured
during service, and damage can thus be correlated to laboratory test
data.
R. H. Craig, “The Design of Electronic Equipment for Dynamic
Environments,” Shock & Vib. Bull, 34 (1), 131-140 (Feb. 1965).
Author suggests that the design of electronic equipment for dynamic
environments should be based largely on testing. Several design
problems and solutions are shown as a basis for dynamic design.
S. H. Crandall and T. D. Scharton, “Fatigue Failure Under Complex Stress
Histories,”” ASME Trans., J. Basic Eng. (Ser. D), 88, 247-251 (1966).
The authors present a crack growth expression which extends the
classical linear damage concept to the problem of predicting the
remaining fatigue life of a partially damaged structure.
C. E. Crede, “Criteria of Damage from Shock and Vibration,” Shock &
Vib. Bull. 25 (2),227-235 (Dec. 1957).
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A very limited amount of component fatigue data are presented to
show similarity to material fatigue data.
C. E. Crede, “*Conceptsand Trends in Simulation,” Shock & Vib, Bull. 23,
1-8 (Junc 1956).
This paper presents a review of vibration testing procedures leading to
the concept of random excitation to define vibration,
A. J. Curtis, “*Some Practical Objectives in Random-Vibration Testing,”
Shock & Vib. Bull. 24, 351-352 (Feb. 1957).
Author suggests limiting random vibration testing to small items until
more experience is gained and notes that experimentally derived
equivalences would be valuable.
A. J. Curtis, J, G. Herrera, and R, F. Witters, ““Combined Broadband and
Stepped Narrowband Randon Vibration,” Shock & Vib. Bull. 35 (2),
3347 (Jan. 1966).
Describes a random vibration system with capabilities of generating a
low-level broadband excitation with one or more variable-frequency,
high-level spikes.
A. J. Curtis, ““A Statistical Approach to Prediction of the Aircraft Flight
Vibration Environment,” Shock & Vib. Bull. 33 (1), 1-14 (Feb. 1964).
A prediction method is described which utilizes statistical techniques,
the variation of vibration intensity with dynamic pressure, and assumes
that the vibration environment is a broadband random vibration with
several superimposed narrowband random vibration spikes.
A. J. Curtis, “The Selection and Performance of Single-Frequency Sweep
Vihration Tests,” Shock & Vib. Bull, 23,93-101 (June 1956).
The use of sweep tests for transient fatigue and production testing is
discussed, with emphasis on the selection of a sweep rate for each. The
relationship of desired tests to vibration table capabilities is mentioned
briefly.
T. B. Delchamps, “*Specifications: A View from the Middle,” Shock & Vib.
Bull. 39 (6), 151-156 (Mar. 1969).
Author regroups some of the comments from various panel discussions
on the subject of vibration specifications, and adds his own views.
C. W. Detrich, R. H. Lyon, D, U. Noiseux, and E. A. Starr, “Dynamic
Response, Energy Methods, and Test Correlation of Flight Vehicle
Equipments,” AFFDL-TR-65-92, Vol. 1, May 1965 and Vol. 2, Apr. 1966,
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio.
Authors present energy analyses of simple models and of a black box.
Coupling terms and loss factors are tneasured and correlated to theory.
T. J. Dolan, “Cumulative Damage from Vibration,” Shock & Vib. Bull. 25
1. 5, 200-220 (Dec. 1957).
Maic. factors influencing fatigue failure are discussed. It is pointed out
that fatigue strengths must be considered as statistical parameters due
to the large number of factors involved.
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50. W.D. Dorland, K. M. Eldred, and R. J. Wren, *“‘Development of Acoustic
Test Conditions for Apollo Lunar Module Flight Certitication,” Shock &
Vib. Bull. 37 (5), 139-152 (Jan. 1968).

The acoustic test levels for the LM wvehicle were obtained by
reproducing the envelope of the flight vibration levels at three points on
the vehicle. Final acoustic test levels differed somewhat from flight
acoustic levels.

51.  W. Dorland, “Study of the Relationship of Acoustic Space Correlation to
Structural Response,” Study Plan Extracts 1969, NASA Manned Space-
craft Center, Houston, Texas.

A study of the effect of two to 16 independently correlated acoustic
ducts on models ranging from simple plates to actual space vehicles.

52. D. L. Earles and R. W. Sevy, “The Prediction of Internal Vibration Levels
of Flight Vehicle Equipment,” Shock & Vib. Bull. 38, Supplement, 5-18
(Aug. 1968).

Authors use statistical energy methods to redict the vibratory response
of circuit boards. Reasonably good results were achieved above 500 Hz.

53. DI. Edwards and W. T. Kirkby, “A Method of Fatigue Life Prediction Using
Data Obtained Under Random Loading Conditions,” Royal Aircraft
Establishment Technical Report No. 66023, Farnborough Hants, Jan.
1966.

A method of fatigue life prediction using fatigue data from specimens

j subjected to narrowband random stresses is proposed. Experimental

data are presented and a significant increase in accuracy is claimed.

54. K. Eldred, W. Roberts, and R. White, *‘Structural Vibrations in Space
Vehicles,” WADD Technical Report 61-62, Wright Air Development
Division, ARDC, Wright-Patterson AFB, Ohio, Dec. 1961.

A discussion of the vibration response of a space vehicle to various
excitation sources. An extensive bibliography on equivalences is
included.

55. K. M. Eldred, “Vibroacoustic Environmental Simulation for Aerospace
Vehicles,” Shock & Vib. Bull. 37 (5), 1-11 (Jan. 1968).

Author suggests criteria for determining the minimum size of a portion
of a vehicle needed to simulate mounting impedance at components.

; : 56. D. M. Ellett, “Criteria and Standards for Random Vibration,” Shock &
Vib. Bull. 24, 344-347 (Feb. 1957).

Discusses three widely different specifications and questions the
Gaussian assumption.

57. J. M. Everitt, R. W. Schock, and J. R, Seat, “Saturn S-11, S-IVB and
Instrument Unit Subassembly and Assembly Vibration and Acoustic
Evaluation Programs,” Shock & Vib. Bull 37 (5),117-137 (Jan, 1968).

. The results of large-scale acoustic and vibration tests are presented.

1 Assembly-type tests are recommended as a technique to improve test

accuracy at the component level.

i
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T. E. Fitzgerald and L. C. Kula, “Transient Vibration Simulation,” Shock
& Vib, Bull. 37 (4), 59-63 (Jan. 1968).
A sinusoidal sweep has historically been used to simulate long-duration
(approx. 1-sec) transient vibration spectra. This was shown to be overly
conservative in some cases. A random vibration burst was found to give
a better simulation.
S. Fogelson, “Digital Analysis of Fatigue Damage to a Multimodal System
Subiected to Logarithmically Swept Sinusoidal Vibraiion Spectra,” Shock
& Vib. Bull. 36 (5), 1740 (Jan. 1967).
A program for fatigue damage (a Miner damage hypothesis) of a
multimodal system is presented by assuming that modal damping is
known. No experimental data.
J. T. Foley, ““‘Application of Environmental Data to Test Methods—Choice
of Test Levels,” Sandia Report SC-M-69-287, Albuquerque, New Mexico,
July 1969.
A philosophical discussion of the steps involved in arriving at test
criteria. The steps are presented in logical manner.
W. Forlifer, “Problems in Translating Environmental Data into a Test
Specification,” Inst. Environ, Sci. Proc. 1965, p. 185.
Outlines an approach used in obtaining specifications for launch phase
spacecraft testing.
P. H. Francis, “The Growth of Surface Microcracks in Fatigue,” ASME
Trans., J. Basic Eng. (Ser. D) 91, 770-779 (Dec. 1969).
Author traces various approaches to fatigue life prediction.
P. A. Franken, T. H. Mack, and T. D. Scharton, ‘““Comparison of Mariner
Assembly-Level and Spacecraft-Level Vibration Tests,” Shock & Vib. Bull.
36 (3), 27-38 (Jan. 1967).
Responses of an electronic assembly are presented for two types of
vibration tests: (a) mounted to rigid fixture, and (b) mounted in space
vehicle. Author suggests the use of gross averages of data for initial
comparison of such test.
H. O, Fuchs, “A Set of Fatigue Failure Criteria,” ASME Trans., J. Basic
Eng. (Ser. D) 87, 333-343 (1965).
A set of three criteria are developed and presented to be used for the
design of long-life parts. Author concludes that (a) crack nucleation, (b)
crack propagation, and (c) yielding must be considered for any long-life
design. .
J. C. Furling and H. M. Voss, “Hi Bex Missile Vibration Environment
Considerations,” Shock & Vib. Bull. 35 (7), 25-30 (Apr. 1966).
Authors use acoustic levels at the exterior of a vehicle to predict the
external vibration levels. Limited test data are presented.
A. E. Galef, “A Quasi-Sinusoidal Vibration Test as a Substitute for
Random Vibration Testing,” Shock & Vib. Bull 28 (4), 114-119 (Aug.
1960).
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Author suggests the use of a modulated sine wave to simulate
narrowband random inputs. By running at two different levels, the
distribution of peaks is closely approximated.
N. Granick, “Status Report on Random Vibration Simulation,” Shock &
Vib. Bull. 27 (2), 137-146 (June 1959).
The status of random vibration simulation is reviewed critically. The
continued use of sinusoidal vibration techniques for the simulation of
noise-induced vibration appears justified on the basis of existing
knowledge and economic considerations.
C. L. Gray, “Feasibility of Using Structural Models for Acoustic Fatigue
Studies,” Shock & Vib. Bull 30 (4), 140-152 (Apr. 1962).
The feasibility of employing structural models for acoustic fatigue
testing in jet noise environments is examined theoretically and
experimentally.
C. L. Gray, and A. G. Piersol, “Methods for Applying Measured Data to
Vibration and Acoustic Problems,” AFFDL-TR-65-60, Air Force Flight
Dynamics Laboratory, Wright-Patterson AFB, Ohio, June 1965,
Specific techniques are outlined for using reduced data to establish
coherency estimates, frequency response function estimates, structural
vibration predictions, and extreme value predictions.
P. Hahn, “Shock and Vibration Considerations in Flight Vehicle System
Design,” Inst. Environ, Sci. Proc, 1963, p. 401.
Author presents a general discussion of items which must be considered
in designing for dynamic environments. Some philosophy relative to
types of analyses and tests required is included.
R. A. Harmen and J. T. Marshall, ““‘A Proposed Method for Assessing the
Severity of the Vibration Environment,” Shock & Vib. Bull 26 (2),
259.277 (Dec. 1958). :
A method of analyzing and representing vibration data that defines the
environment and its severity to mechanical systems. The proposed
method employs three representations: (a) the vibrational intensity of
the environment, (b) the susceptibility of any given mechanical system
to vibration in general, and (¢) a combination of the first two to yield a
measure of system response to a particular environment.
G. J. Hasslacher and R. C. Kroeger, “The Relationship of Measured
Vibration Data to Specification Criteria,” Shock & Vib. Bull, 31 (2), 49-63
(Mar. 1963).
A review of the highlights of a successful vibration-data measurement
program.
G. J. Hasslacher and H., L. Murray, “Determination of an Optimum
Vibration Acceptance Test,” Shock & Vib. Bull. 33 (3), 183-188 (Mar.
1964).
Describes a method of determining an optimum vibration-acceptance
test specification for aerospace electronic equipment wherein items of
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equipment are subjected to repeated test sequences at given levels until
failure occurs. Data thus produced will yield an acceptance level test
which will not fatigue the equipment.
P. E. Hawkes, “Response of a Single-Degree-of-Freedom System to
Exponential Sweep Rates,” Shock & Vib. Bull. 33 (2), 296-304 (Feb.
1964).
The peak response and the number of cycles of an SDF system are
plotted for several damping conditions. The results are shown as
functions of a dimensionless parameter which can be considered to be a
measure of the sweep rate of the system.
J. A Heinrichs, “Feasibility of Force-Controlled Spacecraft Vibration
Testing using Notched Random Test Spectra.” Shock & Vib. Bull. 33 (4),
47-53 (Mar. 1964).
The author derived test levels for a space vehicle for which the
booster-vehicle interface forces were unavailable.
R. Heller, ““Reliability Through Redundance?” Inst. Environ. Sci Proc.
1969, p. 121,
Reviews work on the reliability of redundant structures including the
reliability of redundant structures under fatigue loading.
R. W. Hess and H. H. Hubbard, *“Acoustic Fatigue Problem of Aircraft and
a Discussion of Some Recent Related Laboratory Studies,” Shock & Vib.
Bull, 24, 231-235 (Feb. 1957).
Techniques of random and discrete frequency acoustic testing are
discussed and illustrated. Some comparisons of measured stresses and
fatigue life are given for a panel configuration exposed to both random
and discrete noise.
M. H. Hieken, “Vibration Testing of the Mercury Capsule,” Shock & Vib.
Bull, 30 (5), 97-104 (May 1962).
Author describes vibration tests which were conducted on full-scale
Mercury capsules. The use of the complete capsule allowed a realistic
simulation for internal components.
D. E. Hines and D. A. Stewart, “Evaluation of a Design Factor Approach
to Space Vehicle Design for Random Vibration Environments,” Shock &
Vib. Bull. 35 (5),271-306 (Feb. 1966).
Miles analysis was used to obtain experimentally verified design factors
for cantilevers subjected to random vibration,
G. W. Housner, P, C. Jennings, and N. C. Tsai, “Simulated Earthquake
Motions,” CIT Report, California Institute of Technology, Pasadena,
Calif., Apr. 1968.
Authors present four flitered and time-varying random signals which are
used as computational models for earthquakes of various intensities.
A. D. Houston, “Internal Vibration of Electronic Equipment Resulting
from Acoustic and Shaker-Induced Excitation,” Shock & Vib. Bull. 37 (3),
7-20 (Jan. 1968).
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Respunues of several itema of elocttonic equipment were cumpuared
under avoustic and mechanical vibration excitation. Responses were
tound to be higher for the shuker teat than for the acoustic test,
K. D Hoyt and G. S. Mustin, “Thooretical and Practical Basis for
Specitying @ Transpottation Vibration Test,” Shuck & Vib, Bull. 30 (3),
122:137 (Feb, 1962),
Authors derive an equivalence using n sinusoldal vibration test for a
random environment, A standard vibration test for shipping containers
is propused which is consistent with the theory.
N. F. Hunter and J, V, Otts, “Reproduction of Complex and Random
Wavelortus at Various Points on a Test ltem,” Shock & Vib, Bull. 36 (3),
47-54 (Jan. 1967).
Peak notch filters are used in a manner similar to their use in vibration
system equalization to reproduce a desired response at points located
on or helow a test specimen,
N. F. Hunter and J. V, Otts, *'Random-Force Vibration Testing,"” Shock &
Vib, Bull, 37 (3), 61:74 (Jan. 1968).
Authors present techniques necessary to extend force-controlled tests
to randon: vibration. A passive electrical analog is used to demonstrate
the technique.
J. R, Hyde und R. A. Schiffer, “*Mariner Mars 1964 Acoustically Induced
Vibration Environment,"” Shock & Vib. Bull, 35 (7), 31-53 (Apr. 1966).
Authors use acoustic levels to estimate vibration levels on the
spacecraft, Test levels were selected at the 95-percentile level and at 4.5
dB above it. Experimental data from flights are well within these
cnvelopes.
W. S. Inouye and F. B. Safford, “Vibration Fragility," Shock & Vib. Bull.
25 (2), 191:199 (Dec. 1957).
Discusses the application of vibration fragility curves for parts and
components by use of superposition to establish an overall fragility
limit tor electronic equipment.
C. lIp, K. Kapur, and B. Slupek, “A Method for Estimating Response of
Payload Secondary Structures to Random Excitation,” Inst. Environ. Sci.
Proc. 1968, p. 185.
Authors present a matrix formulation of the spectral density response
of secondary structures for correlated loading.
H. R. Jaeckel and S. R. Swanson, “Random Load Spectrum Test to
Determine Durability of Structural Components of Automotive Vehicles,”
X1l Congress International Des Techniques De L’Automobile, Paper 3-02,
Barcelona, Espafia, May 1968.
Several studies have shown that road vibrations are essentially random
processes. Authors contend that the fatigue testing of automotive
components should be done with random vibration.




148

89.

90.

91,

92.

93.

94,

95.

96.

EQUIVALENCE TECHNIQUFS FOR VIBRATION TESTING

F. A. Jennings, “Practical Applications of Random-Vibration Testing,"
Shock & Vib, Bull, 24, 348.350 (Feb. 1957).
Author states that sinusoidal testing should be used in development
tests and that random testing should be used for qualification tests.
L. Kaechele, “Probability and Scatter in Cumulative Fatigue Damage,”
Rand Corp. Memorandum, RM-3688-PR, Dec. 1963.
Author shows how the probability aspect of fatigue can be handled in a
manner similar to static properties.
A. I, Kaike and S§. R. Swanson, “Load History Effects in Structural
Fatigue,” Inst, Environ. Sci. Proc. 1969, p. 66. ‘
Authors review random fatigue leading techniques and suggest an
Interesting way to accelerate random tests; i.e., eliminate lower level
portions of spectrum until article cracks, at which time the low-level
components may become significant.
S. Kaplan and A. Soroka, “An Approach for Duplicating Spacecraft
Flight-Induced Body Forces in a Laboratory,” Shock & Vib. Bull. 39 (2),
147-156 (Feb. 1969).
Vibration test levels are tailored to fit design loads at various portions
of a spacecraft. This approach contrasts with usual tests where levels
depend on launch vehicle only and the dynamics of the spacecraft are
ignored.
A. L. Karneskey and H. C. Schjelderup, ‘A Combined Analytical and
Experimental Approach to AIF,” Shock & Vib. Bull. 2§ (2), 39-54 (Dec.
1957). .
Describes an acoustic survey of the RB-66 and A3D aircraft, including
the techniques of instrumentation and presentation of data.
J. A. Kasuba, “A Realistic Dezivation of a Laboratory Vibration Test to
Simulate the Overland Transportation Environment,”” Shock & Vib. Bull,
35 (5), 3748 (Feb. 1966).
An equivalent vibration test for restrained vehicular cargo is derived
using the Palmgren-Miner hypothesis. This test is combined with
MIL-STD-810 airborne test levels to obtain a single test.
H. Katz and G. R. Waymon, *“Utilizing In-Flight Vibration Data to Specify
Design and Test Criteria for Equipment Mounted in Jet Aircraft,” Shock &
Vib. Bull. 34 (4), 137-146 (Feb. 1965).
Authors propose using separate performance and endurance vibration
tests. The performance test (operating) should simulate flight levels
and the endurance test (nonoperating) should simulate the expected
aircraft life.
J. P. Kearns, “The Application of Analysis Techniques to Laboratory
Testing,”” Shock & Vib. Bull. 23, 88-92 (June 1956).
Methods of flight vibration analysis are reviewed along with the
problem of vibration transmission on a simple structure. Consideration
is given to the problem of attempting to correlate failures as produced
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by a simulated multifrequency environment with the failures as
produced by sine-wave tests.
J. Kelleher, “A Proposed Qualification Test Procedure for System
Compatibility during Vibration,” Inst. Environ, Sci. Proc. 1960, p. 91,
A philosophical discussion of the design of a qualification test.
D. C. Kennard, “The Correlation of the Effects of Laboratory Versus
Service Environments on Hardware,” Shock & Vib. Bull. 27 (4), 86-87
(June 1959).
A panel discussion presentation which outlines differences between an
ideal test and a practical test. Includes data on 32 service failures
which were reproduced in the laboratory.
W. Kirk, “Improved Reliability Through Acceptance Vibration Testing,”
Inst. Environ. Sci. Proc. 1964, p. 545.
Outlines a type of acceptance test useful in detecting poor workman-
ship, and develops a scaling law (which may be incorrect) to obtain
equivalent levels. He presents data to show how acceptance testing has
improved the quality of test items.
G. H. Klein and A. G. Piersoll, “The Development of Vibration Test
Specifications for Spacecraft Applications,” NASA CR-234, May 1965.
An excellent discussion of the general problem of developing vibration
test specifications for flight vehicles. Current procedures are reviewed
and a logical implementation of state-of-the-art procedures is sug-
gested to arrive at vibration specifications.
R. C. Kroeger and L. Marin, “A Preliminary Investigation of the
Equivalence of Acoustics and Mechanical Vibrations,” Shock & Vib. Bull.
30 (4), 103-113 (Apr. 1962).
Authors describe tests of simple structures in a standing wave tube and
measurements of acceleration and strain as functions of pressure level
and frequency.
M. D. Lamoree and J. E. Wignot, “Some Problem Areas in the
Interpretation of Vibration Qualification Tests,” Shock & Vib. Bull, 33
(3), 203-210 (Mar, 1964).
This paper discusses problems concerned with the interpretation of
vibration test specifications which arise in conducting qualification
tests and in the interpretation of test failures as related to the
probability of failure in service.
B. J. Lazan, “Energy Dissipation in Structures, With Particular Reference
to Material Damping,” Structural Damping, papers presented at ASME
annua} meeting, 1959 (J. E, Ruzicka, ed.), American Society of Mechanical
Engineers, New York, 1959. :
A collection of papers.
N. M. L. Lee and J. P, Salter, “The Response of Packaged Military Stores
to Truck Transportation—Real and Simulated,” Armament Research and
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Development Establishment Memorandum 53/65, Fort Halstead, Kent,
Nov. 1965.
A discussion of the merits of machine-specified testing rather than
motion-specified testing,.
R. C. Lewis, “Performance Limitations of Available Equipment for
Random-Vibration Testing,” Shock & Vib. Bull. 24, 353-355 (Feb. 1957).
Sinusoidal vibration systems must be derated for random testing due
to high peak-to-rms ratios. Systems designed for random testing will
be more nearly optimized.
C. E. Lifer, “Design of Space Vehicle Structures for Vibration and
Acoustic Environments,” Shock & Vib. Bull. 33 (4), 201-207 (Mar. 1964).
Author recommends that dynamic analyses be conducted on all
vehicles to improve design and testing. Uniform methods among all
contractors would allow more meaningful interpretation of end results
such as reliability predictions and failure analysis.
C. E. Lifer and R. G. Mills, “Prediction and Measurement of Vibration
Response of the Pegasus Micrometeoroid Measuring Satellite,” Shock &
Vib. Bull. 34 (2), 27-35 (Dec. 1964).
A dynamic analysis of the Pegasus satellite was performed using a
lumped-parameter-system model. Verification of the analysis was
carried out during the vibration testing.
H. Lipsitt, “Crack Propagation in Cumulative Damage Fatigue Tests,”
Metallurgy and Ceramics Research Laboratory, Wright-Patterson AFB,
Ohio, 1963 (AD 471048).
The paper shows that several of the truisms of fatigue are false.
E. Lunney, “The Development of the General Environmental Specifica-
tions,” Inst. Environ. Sci. Proc. 1963, p. 193.
A general discussion of items which should be considered in preparing
a general specification and procedure,
R. M. Mains, “Introduction to Shock and Vibration Simulation,”” Skock &
Vib. Bull. 28 (4), 225-231 (Aug. 1960).
Shock and vibration testing or simulation are essential for demon-
strating improvements in design, determining adequacy and accept-
ability of a design, and controlling quality.
R. Mains, “‘Simulation of Shock and Vibration Environments,” Inst.
Environ, Sci. Proc, 1961, p. 38.
Author states that vibration simulation techniques should be based on
damage simulation rather than complete simulation of environment.
R. M. Mains, “How to Resolve the Problem of Dynamic Design,” Shock &
Vib. Bull. 24,324-328 (Feb. 1957).
Author states that dynamic design is dependent on three items: (a)
load definition, (b) damage criteria, and (c) response prediction.
Neglect of any will lead to probiems in design.
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R. M. Mains, ““An Application of Accumulative-Damage Criteria,” Shock &
Vib. Bull. 25 (2), 242-256 (Dec. 1957).
Author obtains limiting stress-level predictions for shock spectra using
a normal distribution of shock intensities, and concludes that the
technique would work for other distributions.
P. Marnell and M. Zaid, “Lifetime Evaluation Procedures for Random
Shock and Vibration,” Shock & Vib. Bull, 35 (3), 125-147 (Jan. 1966).
Authors discuss the damage due to a random vibration exposure as
obtained by using the Miner hypothesis. Plastic deformation is used as
a failure criterion for shock.
S. F. Masri, “Cumulative Damage Caused by Shock Excitation,” Shock &
Vib. Bull. 35 (3),57-71 (Jan. 1966).
The Shanley hypothesis for fatigue-damage accumulation was shown
to fit data from three widely different materials (glass, plastic, and
steel). The stress data were obtained by allowing damped free
vibration of the test specimens.
M. Matrullo and R. C. McCaa, “Flight Level Vibration Testing of a Lifting
Body Re-entry Vehicle,” Shock & Vib. Bull. 36 (3), 113-118 (Jan. 1967).
A technique is presented for conducting an acceleration-controlled,
force-limited vibration test.
K. J. Metzgar, “A Test Oriented Appraisal of Shock Spectrum Synthesis
and Analysis,” Inst. Environ, Sci. Proc. 1967, p. 69.
Author outlines the use of shock spectra in testing, with particular
reference made to shock testing on electrodynamic shakers.
J. Milne, “A Successful Vibration Test Program for One-of-a-Kind
Satellite,” Inst. Environ. Sci. Proc. 1968, p. 201.
Author uses a combination of analysis and testing to arrive at final
qualification test levels. Notched spectra were used to keep from
exceeding design criteria loads.
F. Mintz, “Random Shake—An Obnoxious Conglomerate or a Delightful
Mixture?” Shock & Vib. Bull. 24, 335-336 (Feb. 1957).
Author poses several questions relative to sinusoidal and random
vibration. He concludes that sinusoidal testing must be continued
where possible since we have so much sine testing equipment in our
laboratories.
J. Monroe, “A Problem of Sinusoidal vs Random Vibration,” Inst,
Environ, Sci, Proc. 1961, p. 571.
Author develops a random-sine equivalence which gives good results
for electronic equipment.
C. T. Morrow, “The Significance of Power Spectra and Probability
Distributions in Connection with Vibration,” Shock & Vib. Bull. 28 (4),
171-176 (Aug. 1960).
The two most fundamental descriptions of random vibration are in
terms of power spectra and probability distributions. In most cases the
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spectrum is the more useful quantity., In the case of fatigue the
probability distribution is important.
C. T. Morrow, “Why Test with Random Vibration,” Shock & Vib. Bull.
24, 329-332 (Feb. 1957).
Author states that random testing becomes more appropriate as the
complexity of the test item increases. A sinusoidal substitute is readily
computed for simple test items such as piece parts and metal
specimens.
C. T. Morrow, Shock and Vibration Engineering, Volume 1, John Wiley
and Sons, Inc., New York, N.Y., 1963.
Testing may simulate environment, simulate damage, or control the
response dynamics of an equipment. Specification writer should
understand which approach or approaches he intends to use in a given
specification.
R. E. Morse, “The Relationship Between a Logarithmically Swept
Excitation and the Build-Up of Steady-State Resonant Response,” Shock
& Vib. Bull, 35 (2),231-262 (Jan. 1966).
An exact mathematical solution is obtained for an SDF system
subjected to a logarithmic sweep.
R. Mustain, “The Planning of Aerospace Vibration Tests and Programs,”
Inst, Environ. Sci. Proc. 1965, p. 603.
Author presents a philosophical discussion of testing as applicable to
large aerospace vehicles.
R. W. Mustain, “Statistical Inferences on Environmental Criteria and
Safety Margins,” Shock & Vib. Bull. 29 (4), 274-298 (June 1961).
The paper presents meaningful statistics on the relationships between
failure strength and critical stress.
R. W. Mustain, “Dynamics Environments of the S-IV and S-IVB Saturn
Vehicles,” Shock & Vib. Bull 33 (2), 72-88 (Feb. 1964).
A brief review of techniques used to predict the dynamic environ-
ments of the S-IV and S-IVB vehicles is presented, and the
environments are summarized.
R. W. Mustain, “On the Prediction of Dynamic Environments,” Shock &
Vib. Bull. 28 (4), 20-47 (Aug. 1960).
Estimates of jet engine noise, rocket engine noise, and boundary-layer
noise have been computed; actual field data are compared with
predictions; and vibration levels created by acoustic inputs are
presented.
D. Muster, “Correlation of the Effects of Laboratory vs Service Environ-
ments on Hardware,” Shock & Vib, Bull. 27 (4), 88-90 (June 1959).
A prepared presentation for panel discussion which outlines the
relative impedances of equipment, vehicle, and test machine which
will allow a good damage correlation.
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J. C. New, “Achieving Satellite Reliability Through Environmental Tests,”
Inst, Environ, Sci. Proc. 1963, p. 561.
A general discussion of the testing of limited-production satellites.
R. P. Newman, “Multi-Resonance Response to Sine and Random
Vibration,” Inst, Environ, Sci. Proc. 1962, p. 561.
Author experimentally compares response of multi-degree-of-freedom
systems to sine vibration, random vibration, and controlled sine
spectrum (periodic) vibration.
C. E. Nuckolls and J. V. Otts, “A Progress Report On Force Controlled
Vibration Testing,” Shock & Vib. Bull. 3§ (2), 17-130 (Jan. 1966).
A test procedure is suggested where force control is used in
conjunction with electronic simulation. This allows the test item to
react with its environment in a manner similar to actual usage.
M. Oleson, “Application of a Special Test Fixture to Vibration Measure-
ment during Static Firing of Rocket Motors,” NRL Memorandum Report
1039, Naval Research Laboratory, Washington, D.C., Apr. 1960.
Author uses a special fixture to improve vibration measurements
during the static firing of rocket motors.
G. Padgett, “Formulation of Realistic Environmental Test Criteria for
Tactical Guided Missiles,” Inst. Environ. Sci. Proc. 1968, p. 441.
Author points out variables which should be considered in arriving at
an environmental specification, and shows how such test criteria might
be developed for a guided missile.
F. Palmisano, “The Value of Acoustical Testing of Small Electronic
Components,” Shock & Vib. Bull. 30 (4), 114-127 (Apr. 1962).
A comparison between acoustic and mechanical tests on several
electronic tube types ranging from a single two-element diode to a
multielement twin triode.
Panel Discussion, “The Relationship of Specification Requirements to the
Real Environment,” Shock & Vib. Bull. 31 (2), 287-301 (Mar. 1963).
A variety of comments on poor specifications, inability to simulate
environment, necessity for sizable safety factors, etc.
Panel Discussion, ‘“The Specification Problem,” Shock & Vib. Bull, 34 (4),
153-163 (Feb. 1965).
Good specifications should be conservative without imposing a large
factor of safety. Participants agree that test specifications should be
standardized between government agencies.
Panel Session, ‘“‘Prediction of Flight Environment,” Shock & Vib. Bull 33
(2), 161-171 (Feb. 1964).
The prediction of environmental levels in flight vehicles is more of an
art than a science at the present time. It is therefore necessary to have
large factors of ignorance in the test levels to account for lack of
confidence in the predictions.
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Panel Session, ““The Use of Environmental Data in Design,” Shock & Vib.
Bull. 33 (4), 219-227 (Mar. 1964).
Environmental design is primarily an art. It requires close liaison
between designers, analysts, and test engineers.
Panel Session, *““The Establishment of Test Levels from Field Data,” Shock
& Vib. Bull, 29 (4), 359-376 (June 1961).
Those concerned with determining the probability that given equip-
ment will fail in service are faced with the problem of translating
environmental data into realistic laboratory tests. Simulation is the art
of laboratory testing to create a condition that is representative of the
actual environmental condition to which equipment will be subjected.
In this context, a simulated environment Is not necessarily similar to
the actual environment but rather has the same damage potential.
Pancl Session, “Standardization of Vibration Tests,” Shock & Vib. Bull,
33(3),219-229 (Mar. 1964).
Standardization of vibration testing procedures should be
limited to small, less complex equipment. Many specifications are
overly conservative, but this is a specialized problem and should be
treated separately from improving reproducibility of tests.
A. V. Parker, “Response of a Vibrating System to Several Types of
Time-Varying Frequency Variations,” Shock & Vib. Bull. 29 (4),
197-217 (June 1961).
Author presents an analysis and discussion of the logarithmic sweep
function and the so-cailed log-log sweep function.
A. R. Pelletier, “Problems and Considerations in Combining Sine and
Random Vibration in the Environmental Test Laboratory,” Shock & Vib.
Bull. 33 (3), 101-106 (Mar. 1964).
A discussion of four basic conditions which must be considered when
sweeping sine and random signals are combined into one vibration test
environment.
R. W. Peverley, ‘“Acoustically Induced Vibration Testing of Spacecraft
Components,” Shock & Vib. Bull, 36 (3), 39-46 (Jan. 1967).
The author presents a technique in which a vibration test was
conducted by acoustically exciting a 180° segment of Apollo space
module to obtain levels similar to flight measurements.
A. G. Piersol, “Nonparametric Tests for Equivalence of Vibration Data,”
SAE Paper 748C, Sept. 23-27, 1963.
Author uses nonparametric test data analysis techniques to determine
if test data are stationary or if measurements represent the same
conditions.
R. Plunkett, “Problems of Environmental Testing,”” Shock & Vib. Bull 25
(2), 67-69 (Dec. 1957).
Environmental testing is mainly a comparison process and cannot be
expected to qualify systems and components for field service. The
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designer, inspector, and contract negotiator must recognize the
arbitrary character of this type of test and appreciate the proper role
of suitable specification waivers and modifications.
J. E. Rice, *“Interpretation and Application of Specification Requirements
that Simulate Vibration Responses of Equipment Being Shipped by
Common Carrier,” Shock & Vib. Bull. 35 (5), 129-132 (Feb. 1966).
Author contends that vibration levels and frequency ranges for large
test items (greater than 1000 ib) are unrealistic and that present test
criteria will lead to poor design.
W. Reimann and W. Wood, *“Some Direct Observations of Cumulative
Fatigue Damage in Metals,” Institute for the Study of Fatigue and
Reliability, Report No. 11, Dept. of Civil Engineering and Engineering
Mechanics, Columbia University, N.Y., Oct. 1964.
Mixtures of stress types will cause the damage accumulation iaw to
become more complicated.
J. Robbins, “Development of a White-Noise Vibration Test for Electron
Tubes,” Shock & Vib. Bull. 23, 251-256 (June 1956).
Author describes a practical white-noise vibration test method for the
evaluation of electron tubes.
F. Robinson, “Combined Environment Testing of Shipboard Electronic
Equipment and Utilization of Regression Analysis,” Shock & Vib. Bull 36
(6), 8390 (Feb. 1967).
A 450-hr combined environment test was performed on electronic
modules, and a multiple regression analysis was performed to relate
degradation to environmental factors. Degradation was found to be
independent of the vibration.
J. L. Rogers, “Vibration Tests, an Estimate of Reliability,” Shock & Vib.
Bull. 33 (3), 189-194 (Mar. 1964).
Author discusses vibration testing as a tool for the evaluation of
component reliability.
T. P. Rona, “Equivalent Vibration Program from the Fatigue Viewpoint,”
Shock & Vib. Bull. 27 (2), 129-136 (June 1959).
Some, if not most, vibration and shock analysis is done to predict the
endurance life of structural components. Elementary examples are
given and limitations of this approach pointed out.
L. W. Root, “Selection of Vibration Test Levels Using Fatigue Criteria,”
Shock & Vib. Bull. 34 (5), 55-65 (Feb. 1965).
Author reviews equivalence equations for like types of vibration and
change of time scale techniques using both Palmgren-Miner (PM) and
Corten-Dolan (CD) hypotheses.
C. V. Ryden, “Summary of Design Margin Evaluations Conducted at the
U.S. Naval Missile Center,” Shock & Vib. Bull. 33 (4), 209-217 (Mar.
1964).
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Incremental levels of environmental stresses are applied to missile
systems to induce failures deliberately. Improvements in missile
reliability are based on such test programs.
. J. Salter, “A Vibration Exciter Having Generalized Mobility Character-
istics,” J. Environ, Sci. 9, 18 (Aug. 1966).
Author proposes that a multimodal attachment be added to a vibration
shaker to obtain an appropriate envelope of peaks. The test item
should be able to react in a realistic manner.
J. Salter, “Problem Areas in Dynamic Testing,” Inst. Environ. Sci. Proc.
1963, p. 49.
Author questions validity of present vibration specifications which are
based on envelopes of field data and which do not allow tested
equipment to react in a normal manner.
J. P. Salter, “Advances in Numerology,” Shock & Vib. Bull. 37 (3), 1-6
(Jan. 1968).
In the author’s view the attempt to use precise, carefully defined
numerical values to represent the response of a specimen to a given
environment is itself unrealistic. The use of simpler and more
empirical techniques is urged, and two simple examples are given.
J. Schijve, “The Analysis of Random Load-Time Histories with Relation to
Fatigue Tests and Life Calculations,” Fatigue of Aircraft Structures;
Proceedings. Symposium on Fatigue of Aircraft Structures, Paris, 1561 (W.
Barrois and E. L. Ripley, eds.), Pergamon Press, New York, 1963.
Author presents seven counting techniques for analyzing load-time
histories. Several of the techniques yield comparable results; however,
the theory is unable to select the most correct technique.
H. C. Schjelderup, “A New Look at Structural Peak Distributions Under
Random Vibration,” WADC-TR-59-676, Wright Air Development Center,
Wright-Patterson AFB, Ohio, Mar. 1961.
Author shows how distributions other than Rayleigh might be used in
predicting fatigue lives.
C. G. Setterlund and J. A. Skoog, “The Bomarc Flight Vibration and its
Development into an Equipment Vibration Specification,” Shock & Vib.
Bull. 24, 45-55 (Feb, 1957),
An interim substitute single-frequency vibration test is described
where equivalence is based on reproducing rms responses in equip-
ment.
G. Setterlund, “Vibration Test Requirements for Prototype Airborne
Equipment Items,” Boeing Document D-80330, The Boeing Co., Seattle,
Wash., May 11, 1956.
A technique is presented for calculating a sinusoidal substitute for a
random vibration excitation.
F. Shanley, “Discussion of Methods of Fatigue Analysis,” Fatigue of
Aircraft Structures; Proceedings, WADC-TR-59-507, Aug. 1959.
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A mathematical theory of fatigue is presented from which stress
analysis and design methods can be developed. Theory is based on
earlier papers by author.
D. T. Sigiey, “Sinusnidal Vibration Testing is at Present Adequate,” Shock
& Vib. Bull, 24, 337 (Feb. 1957).
Author believes that sinusoidal vibratior testing is adequate since we
have a large amount of experience and large quantities of test
equipment for sinusoidal tests but have very little experience or
equipment for random testing.
A. W, Sinkinson, “Designing Electronic Equipment for the Combined
Random and Sinusoidal Vibration Environment,” Shock & Vib, Bull 34
(2), 137-144 (Dec. 1964).
A Miles analysis is used to obtain an equivalent sine level for a
combined sine-random test. No experimental verification is presented.
K. W. Smith, A Procedure for Translating Measured Vibration Environ-
ment into Laboratory Tests,” Shock & Vib. Bull. 33 (3), 159-177 (Mar.
1964).
A Miles analysis was used to obtain equivalence equations including
time-scaling equations. The author proposed handling various levels of
damping and various fatigue slopes by statistial techniques.
E. Soboleski and J. N. Tait, “Correlation of Damage Potential of Dwell
and Cycling Sinusoidal Vibration,” Shock & Vib. Bull. 33 (3), 113-123
(Mar. 1964), ,
End-loaded cantilever beams of square copper bus bar were subjected
to sinusoidal dwell and sweep excitations to obtain an equivalence
comparison.
C. V. Stahle, “Some Reliability Considerations in Specification of
Vibration Test Requirements for Nonrecoverable Components,” Shock &
Vib. Bull. 34 (4), 147-152 (Feb. 1965).
Considers modification of present vibration tests in order to confirm
component reliability. Two models of the environment are con-
sidered: (a) vibration level defined uniquely, and (b) vibration level
defined statistically. In both cases, test times would have to be
extended considerably.
W. Stronge, “Forced Aperiodic Vibrations,” Inst. Environ, Sci. Proc. 1966,
p. 193.
Obtains the response of a simple system to a displacement input
involving variable frequency.
C. R. Tallman, “Evaluation of Vibration Problems, Criteria, and Tech-
niques,” Shock & Vib, Bull. 24, 105-109 (Feb. 1957).
Reviews the present trends in environmental simulation test methods.
An overhaul of current specifications Is suggested to ensure that tests
produce meaningful information,
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M. C. Trummel, “Ground Test Simulation of Lift-Off and Transonic
Vibration Excitation Mechanisms on the Ranger Spacecraft,” Shock &
Vib. Bull. 35 (2), 74-84 (Jan. 1966).
Vibration levels based on estimated acoustic excitation and measured
acoustic acceptances are compared to measured vibration levels.
Correlation is good above 600 Hz.

E. E. Ungar and K. S. Lee, “Considerations in the Design of Supports for

Panels in Sonic Fatigue Tests,” AFFDL.TR-67-86, Air Force Flight

Dynamics Laboratory, Wright-Patterson AFB, Ohio, Sept. 1967.

Authors offer an approach to comparing the structural response of
panel supports under sonic excitation.

S. Valluri, “A theory of Acoustic Fatigue,” Aeronautical Research

Laboratories Report ARL 62-370, California Institute of Technology,

Pasadena, Calif., July 1962.

Expressions are derived for the prediction of time to failure caused by
acoustic excitation. Simplifying assumipiions indicate that probability
of failure at any time is directly related to the cumulative probability
of the distribution function associated with the rms stiess response.

B. R. Vernier, “*Cumulative Damage in Complex Equipment Due to

Vibration,” Shock & Vib. Bull. 25 (1), 165-173 (Dec. 1957).

A process is discussed in which the amplitudes of the acceleration
peaks and their probability distributions are used rather than the rms
values of the accelerations.

M. Vet, “Dwell-Sweep Correlation,” Inst. Environ. Sci, Proc, 1963, p. 433.
Cantilever beams of four materials were used to obtain fatigue failures
at constant input levels.

A. Warren, “The Testing of Equipments Subject to Vibration; Some Basic

Considerations,” Armament Research and Development Establishment

Report (L), ARDE, Fort Halstead, Kent, July 1958.

Author bases vibration test levels on similar responses as predicted by
an analog computer method. The amplitude and sweep rate of a sine
wave are adjusted to yield similar responses to measured accelerations
in vehicles.

H. R.Welton, R. Carmichael, W. Harger, and L. L. LeBrun, “Definition and

Shipping Vibration Environmen.s,” Shock & Vib. Bull. 30 (3), 27-35

(Feb. 1962).

Covers the status of vibration requirements in packaging specifications
and current Aerospace Industries Association (AIA) Committee action.

R. W. White, “Theoretical Study of Acoustic Simulation of In-Flight

Environments,” Shock & Vib. Bull. 37 (5), 55-75 (Jan. 1968),

A modal analysis of a uniform, pinned-end, cylindrical shell was
performed to predict response accelerations caused by a modified
progressive wave, a reverberant field, and a flight acoustic field.
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